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  The	
  promotion	
  of	
  remyelination	
  after	
  chronic	
  or	
  prolonged	
  episodes	
  of	
  

demyelination	
  is	
  an	
  important	
  therapeutic	
  goal	
  for	
  demyelinating	
  diseases.	
  The	
  leading	
  

cause	
  of	
  demyelination	
  in	
  humans	
  is	
  multiple	
  sclerosis	
  (MS).	
  This	
  thesis	
  work	
  focused	
  on	
  

a	
  mouse	
  model	
  of	
  MS	
  to	
  examine	
  cellular	
  and	
  molecular	
  mechanisms	
  that	
  may	
  cause	
  

limited	
  remyelination	
  after	
  chronic	
  demyelination.	
  	
  Cuprizone,	
  a	
  neurotoxicant,	
  was	
  

used	
  to	
  induce	
  experimental	
  demyelination.	
  This	
  model	
  mimics	
  the	
  effects	
  of	
  acute	
  and	
  

chronic	
  time	
  courses	
  of	
  demyelinating	
  disease	
  progression.	
  The	
  cuprizone	
  model	
  

facilitates	
  identification	
  and	
  characterization	
  of	
  cellular	
  mechanisms	
  that	
  may	
  

contribute	
  to	
  the	
  limited	
  remyelination	
  observed	
  during	
  recovery	
  from	
  chronic	
  

demyelination.	
  In	
  this	
  work,	
  quantification	
  of	
  TUNEL	
  staining	
  indicated	
  that	
  apoptosis	
  is	
  

ongoing	
  during	
  a	
  recovery	
  period	
  following	
  chronic	
  demyelination.	
  The	
  observed	
  

ongoing	
  apoptosis	
  partially	
  affects	
  oligodendrocyte	
  lineage	
  cells,	
  the	
  myelinating	
  cells	
  of	
  

the	
  central	
  nervous	
  system	
  (CNS).	
  This	
  indicates	
  that	
  apoptosis	
  may	
  contribute	
  to	
  the	
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limited	
  repair	
  capacity	
  following	
  chronic	
  demyelination.	
  Further	
  studies	
  were	
  performed	
  

to	
  characterize	
  the	
  astroglial	
  response	
  as	
  another	
  potential	
  contributor	
  to	
  recovery	
  

following	
  acute	
  and	
  chronic	
  demyelination	
  paradigms.	
  Histopathology,	
  

immunohistochemistry,	
  as	
  well	
  as	
  real-­‐time	
  quantitative	
  (RT-­‐Q)	
  PCR	
  was	
  used	
  to	
  

demonstrate	
  progression	
  of	
  severe	
  diffuse	
  reactive	
  astrogliosis	
  without	
  formation	
  of	
  a	
  

compact	
  glial	
  scar.	
  Moreover,	
  a	
  constellation	
  of	
  astroglial-­‐related	
  genes	
  was	
  identified	
  

with	
  the	
  potential	
  to	
  influence	
  the	
  oligodendrocyte	
  lineage	
  (OL)	
  cell	
  response	
  to	
  

demyelination.	
  A	
  functional	
  non-­‐invasive	
  targeted	
  behavioral	
  assay	
  was	
  developed	
  as	
  

means	
  of	
  assessing	
  demyelination	
  status	
  in	
  the	
  mouse	
  corpus	
  callosum	
  (CC)	
  during	
  

cuprizone	
  treatment.	
  Both	
  a	
  sensorimotor	
  running	
  wheel	
  task	
  and	
  a	
  resident-­‐intruder	
  

social	
  interaction	
  paradigm	
  were	
  shown	
  to	
  reliably	
  phenotype	
  small	
  cohorts	
  of	
  mice	
  

according	
  to	
  demyelination	
  status.	
  The	
  work	
  presented	
  has	
  implications	
  for	
  the	
  

diagnosis	
  of	
  remyelination	
  potential	
  in	
  demyelinated	
  lesions	
  as	
  well	
  as	
  for	
  the	
  design	
  

and	
  testing	
  of	
  novel	
  therapeutics	
  to	
  promote	
  functional	
  remyelination.	
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1	
  
	
  

Chapter	
  I:	
  Introduction	
  
	
  

Statement	
  of	
  Problem	
  

	
  	
  	
  	
  	
  	
  	
  	
  Demyelination,	
  the	
  loss	
  of	
  oligodendroglial	
  cells	
  ensheathing	
  axons	
  is	
  a	
  serious	
  impairment	
  

that	
  leads	
  to	
  reduced	
  conduction	
  for	
  neuronal	
  signaling.	
  Ultimately,	
  lost	
  neuronal	
  signaling	
  

conduction	
  results	
  in	
  impairments	
  of	
  motor	
  and/or	
  cognitive	
  function.	
  There	
  are	
  many	
  causes	
  

of	
  demyelination	
  in	
  the	
  central	
  nervous	
  system	
  (CNS),	
  including	
  injury,	
  toxins,	
  

neurodegeneration	
  and	
  disease.	
  The	
  most	
  prevalent	
  cause	
  of	
  demyelination	
  is	
  multiple	
  

sclerosis	
  (MS).	
  MS	
  affects	
  nearly	
  two	
  million	
  people	
  worldwide	
  (Milo	
  and	
  Kahana,	
  2009).	
  MS	
  

usually	
  presents	
  early	
  in	
  life	
  and	
  is	
  the	
  leading	
  cause	
  of	
  neurologic	
  disability	
  among	
  young	
  

adults	
  (Milo	
  and	
  Kahana,	
  2009).	
  The	
  most	
  common	
  form	
  of	
  MS	
  has	
  a	
  relapsing-­‐remitting	
  

pattern	
  of	
  symptoms.	
  This	
  means	
  that	
  in	
  early	
  stages	
  of	
  the	
  MS	
  disease	
  course	
  there	
  is	
  

spontaneous	
  repair,	
  which	
  occurs	
  via	
  remyelination.	
  Remyelination	
  is	
  growth	
  of	
  myelinating	
  

oligodendrocytes	
  to	
  ensheath	
  axons	
  denuded	
  during	
  demyelination.	
  This	
  observed	
  

spontaneous	
  repair,	
  termed	
  remission,	
  often	
  produces	
  restored	
  function	
  in	
  the	
  patient.	
  

However,	
  as	
  the	
  disease	
  progresses,	
  demyelinating	
  events	
  become	
  more	
  prolonged	
  and	
  

chronically	
  occurring.	
  The	
  amount	
  of	
  spontaneous	
  remyelination	
  and	
  repair	
  subsequently	
  

diminishes.	
  Current	
  therapies	
  for	
  MS	
  treat	
  symptoms	
  as	
  they	
  arise	
  and	
  also	
  help	
  delay	
  the	
  

onset	
  of	
  relapses	
  (Payne	
  et	
  al.,	
  2011).	
  However,	
  few	
  therapies	
  focus	
  on	
  promoting	
  repair	
  in	
  the	
  

later	
  stages	
  of	
  the	
  disease	
  course.	
  Research	
  to	
  promote	
  remyelination	
  after	
  chronic	
  and	
  

prolonged	
  episodes	
  of	
  demyelination,	
  therefore,	
  is	
  an	
  essential	
  therapeutic	
  goal	
  for	
  MS	
  and	
  

other	
  demyelinating	
  disorders.	
  



2	
  
	
  

2	
  
	
  

Specific	
  Aims	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  this	
  work	
  a	
  rodent	
  model	
  of	
  demyelination	
  was	
  used	
  to	
  address	
  the	
  problem	
  of	
  

promoting	
  remyelination	
  after	
  chronic	
  or	
  prolonged	
  episodes	
  of	
  demyelination.	
  Within	
  this	
  

work	
  there	
  are	
  three	
  specific	
  aims.	
  In	
  the	
  first	
  specific	
  aim	
  the	
  particular	
  cellular	
  aspect	
  studied	
  

is	
  apoptosis.	
  Apoptosis,	
  or	
  programmed	
  cell	
  death	
  is	
  a	
  ubiquitous	
  cellular	
  mechanism	
  that	
  

directly	
  regulates	
  cell	
  survival.	
  OL	
  cells	
  might	
  undergo	
  apoptosis	
  in	
  the	
  context	
  of	
  either	
  chronic	
  

demyelination,	
  or	
  recovery	
  from	
  chronic	
  demyelination.	
  Thus,	
  apoptosis	
  could	
  be	
  a	
  contributor	
  

to	
  limited	
  repair	
  after	
  chronic	
  demyelination.	
  The	
  first	
  specific	
  aim	
  of	
  this	
  work	
  is	
  therefore	
  to	
  

determine	
  the	
  in	
  vivo	
  contribution	
  of	
  apoptosis	
  on	
  limited	
  repair	
  after	
  chronic	
  demyelination.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  second	
  specific	
  aim	
  of	
  this	
  work	
  moves	
  from	
  the	
  cellular	
  and	
  molecular	
  level	
  of	
  study	
  

up	
  to	
  the	
  neural	
  circuit	
  and	
  systems	
  level	
  of	
  study.	
  At	
  this	
  level	
  of	
  study,	
  the	
  interplay	
  between	
  

cell	
  types	
  is	
  important.	
  The	
  astrocytic	
  network,	
  composed	
  of	
  astrocytes,	
  a	
  particular	
  type	
  of	
  glia	
  

cell,	
  can	
  be	
  considered	
  a	
  neuronal	
  system.	
  Similarly,	
  oligodendrocytes,	
  the	
  myelinating	
  glia	
  cells	
  

of	
  the	
  CNS,	
  might	
  be	
  considered	
  a	
  separate	
  neuronal	
  system.	
  Since	
  no	
  one	
  neuronal	
  system	
  is	
  

entirely	
  independent,	
  it	
  is	
  important	
  to	
  recognize	
  the	
  influences	
  each	
  neuronal	
  system	
  has	
  on	
  

other	
  neuronal	
  systems.	
  In	
  this	
  work,	
  interest	
  centers	
  on	
  oligodendrocytes	
  and	
  their	
  capacity	
  

for	
  remyelination.	
  The	
  link	
  between	
  the	
  astroglial	
  neuronal	
  system	
  and	
  the	
  oligodendroglial	
  

system	
  is	
  not	
  well	
  established.	
  The	
  second	
  aim	
  of	
  this	
  work	
  is	
  consequently	
  to	
  characterize	
  the	
  

astroglial	
  response	
  in	
  acute	
  and	
  chronic	
  corpus	
  callosum	
  demyelination	
  relative	
  to	
  the	
  

oligodendroglial	
  lineage.	
  That	
  is,	
  the	
  second	
  aim	
  of	
  this	
  work	
  intends	
  to	
  describe	
  the	
  dynamics	
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of	
  the	
  astroglial	
  response	
  as	
  a	
  corollary	
  to	
  the	
  changes	
  in	
  the	
  OL	
  response	
  during	
  

demyelination.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  third	
  specific	
  aim	
  of	
  this	
  work	
  moves	
  from	
  the	
  neuronal	
  circuits	
  and	
  systems	
  level	
  of	
  

study	
  up	
  to	
  the	
  cognitive	
  and	
  behavioral	
  level	
  of	
  study.	
  At	
  this	
  level	
  of	
  study,	
  the	
  organism	
  as	
  a	
  

whole	
  is	
  examined.	
  In	
  this	
  work,	
  the	
  question	
  raised	
  pertains	
  to	
  limited	
  remyelination	
  after	
  

chronic	
  or	
  prolonged	
  episodes	
  of	
  demyelination.	
  With	
  examination	
  of	
  the	
  entire	
  organism,	
  this	
  

translates	
  to	
  functional	
  behavioral	
  correlates	
  of	
  demyelination	
  status.	
  Thus,	
  the	
  third	
  specific	
  

aim	
  in	
  this	
  work	
  is	
  to	
  develop	
  and	
  test	
  a	
  targeted	
  non-­‐invasive	
  assay	
  for	
  mouse	
  demyelination	
  

that	
  can	
  be	
  used	
  in	
  longitudinal	
  studies	
  to	
  assess	
  repair.	
  Rodents,	
  specifically	
  mice,	
  are	
  the	
  most	
  

commonly	
  used	
  model	
  organism	
  for	
  research	
  on	
  demyelination.	
  An	
  established	
  non-­‐invasive	
  

behavioral	
  assay	
  would	
  allow	
  assessment	
  of	
  demyelination	
  status	
  without	
  sacrificing	
  the	
  

mouse.	
  Additionally,	
  such	
  an	
  assay	
  should	
  be	
  targeted	
  to	
  detect	
  demyelination	
  in	
  a	
  specific	
  

lesion	
  area.	
  In	
  this	
  manner	
  the	
  assay	
  would	
  correspond	
  well	
  with	
  deficits	
  specifically	
  associated	
  

with	
  demyelination.	
  That	
  is,	
  systemic	
  effects	
  from	
  the	
  method	
  used	
  to	
  induce	
  demyelination	
  

should	
  not	
  affect	
  the	
  outcome	
  of	
  assay.	
  Such	
  a	
  targeted	
  non-­‐invasive	
  assay	
  could	
  be	
  used	
  to	
  

assess	
  functional	
  recovery	
  over	
  time.	
  Moreover,	
  therapeutics	
  designed	
  to	
  promote	
  the	
  

enhancement	
  of	
  limited	
  remyelination	
  after	
  chronic	
  or	
  prolonged	
  demyelination	
  could	
  be	
  

tested	
  using	
  such	
  a	
  targeted	
  non-­‐invasive	
  assay	
  for	
  mouse	
  demyelination.	
  	
  

Literature	
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  MS	
  is	
  the	
  leading	
  cause	
  of	
  neurologic	
  disability	
  among	
  young	
  adults	
  (Milo	
  and	
  Kahana,	
  

2009).	
  The	
  hallmark	
  symptom	
  of	
  MS	
  is	
  focal	
  demyelination.	
  	
  Symptoms	
  arise	
  based	
  not	
  only	
  on	
  

the	
  degree	
  of	
  demyelination	
  during	
  MS	
  progression,	
  but	
  also	
  based	
  on	
  the	
  location	
  of	
  the	
  

lesion.	
  Demyelination	
  can	
  occur	
  throughout	
  the	
  CNS,	
  but	
  large	
  white	
  matter	
  tracts	
  with	
  large	
  

numbers	
  of	
  mature	
  oligodendrocytes	
  are	
  often	
  affected.	
  In	
  fact,	
  the	
  corpus	
  callosum	
  (CC)	
  

represents	
  the	
  largest	
  white	
  matter	
  tract	
  in	
  the	
  brain.	
  Nearly	
  90	
  percent	
  of	
  patients	
  with	
  MS	
  

exhibit	
  lesions	
  in	
  the	
  CC	
  area	
  (Gean-­‐Marton	
  et	
  al.,	
  1991).	
  Some	
  common	
  symptoms	
  of	
  MS	
  

include	
  tingling,	
  numbness,	
  loss	
  of	
  balance	
  and	
  blurred	
  or	
  double	
  vision.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  cause	
  of	
  MS	
  symptoms	
  is	
  attributed	
  to	
  impaired	
  neuronal	
  conduction.	
  Impaired	
  

neuronal	
  conduction	
  is	
  a	
  direct	
  result	
  of	
  demyelination.	
  Myelin	
  not	
  only	
  insulates	
  neuronal	
  

axons,	
  but	
  also	
  facilitates	
  efficient	
  electrical	
  signaling	
  along	
  axons.	
  That	
  is,	
  without	
  sufficient	
  

myelin,	
  there	
  is	
  reduced	
  axonal	
  conduction,	
  reducing	
  reaction	
  time	
  within	
  the	
  CNS.	
  Continued	
  

impairment	
  in	
  neuronal	
  conduction	
  leaves	
  axons	
  vulnerable	
  to	
  atrophy	
  due	
  to	
  lack	
  of	
  trophic	
  

support.	
  Axonal	
  atrophy	
  corresponds	
  with	
  more	
  severe	
  neurological	
  deficits	
  and	
  also	
  with	
  

increased	
  difficulty	
  for	
  repair	
  and	
  functional	
  recovery	
  (Lassmann,	
  2011).	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  addition	
  to	
  focal	
  demyelination,	
  MS	
  is	
  associated	
  with	
  inflammation	
  at	
  the	
  lesion	
  area	
  

(Nakahara	
  et	
  al.,	
  2010).	
  There	
  is	
  a	
  debate	
  as	
  to	
  whether	
  inflammation	
  is	
  the	
  primary	
  cause	
  of	
  

demyelination	
  in	
  MS	
  or	
  whether	
  demyelination	
  is	
  the	
  primary	
  event	
  in	
  the	
  pathogenesis	
  of	
  MS	
  

(Nakahara	
  et	
  al.,	
  2010).	
  In	
  either	
  case,	
  demyelination	
  and	
  inflammation	
  are	
  intricately	
  linked	
  

during	
  the	
  course	
  of	
  MS.	
  Research	
  into	
  the	
  destructive	
  effects	
  of	
  demyelinating	
  insults	
  as	
  well	
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as	
  a	
  possible	
  link	
  to	
  subsequent	
  inflammatory	
  responses	
  is	
  useful	
  for	
  determining	
  the	
  

mechanisms	
  underlying	
  MS.	
  

	
  	
  	
  	
  	
  	
  	
  	
  While	
  the	
  initiating	
  cause	
  of	
  MS	
  is	
  unknown,	
  the	
  disease	
  progresses	
  due	
  to	
  demyelination.	
  

A	
  simplistic	
  definition	
  of	
  demyelination	
  is	
  the	
  loss	
  of	
  myelin	
  sheaths	
  surrounding	
  axons.	
  To	
  

better	
  understand	
  this	
  definition	
  myelin	
  must	
  first	
  be	
  described.	
  Myelin	
  is	
  the	
  fatty	
  substance	
  

that	
  covers	
  neuronal	
  axons.	
  Myelin	
  sheaths	
  in	
  the	
  CNS	
  are	
  generated	
  from	
  the	
  outgrowth	
  of	
  

processes	
  from	
  a	
  specific	
  type	
  of	
  glia	
  cell.	
  These	
  glia	
  cells	
  are	
  called	
  oligodendrocytes.	
  One	
  

oligodendrocyte	
  cell	
  has	
  the	
  ability	
  to	
  myelinate	
  several	
  different	
  neuronal	
  axons	
  through	
  the	
  

outgrowth	
  of	
  many	
  processes.	
  The	
  major	
  purpose	
  of	
  myelin	
  sheaths	
  is	
  to	
  facilitate	
  

neurotransmission	
  along	
  axons.	
  Without	
  myelin	
  the	
  speed	
  of	
  neurotransmission	
  would	
  be	
  

significantly	
  slower	
  (Hartline	
  and	
  Colman,	
  2007).	
  Indeed,	
  when	
  there	
  is	
  demyelination,	
  axonal	
  

conduction	
  slows.	
  This	
  leads	
  to	
  a	
  variety	
  of	
  neurologic	
  impairments	
  including	
  motor	
  and/or	
  

cognitive	
  disturbances.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  As	
  mentioned,	
  oligodendrocytes	
  are	
  a	
  specific	
  type	
  of	
  glia	
  cell	
  within	
  the	
  CNS.	
  	
  Glia	
  is	
  a	
  

Latin	
  word	
  that	
  literally	
  means	
  “glue”.	
  The	
  term	
  glia	
  arose	
  to	
  describe	
  the	
  support	
  cells	
  in	
  the	
  

CNS.	
  Indeed,	
  glia	
  cells	
  do	
  serve	
  a	
  supportive	
  function.	
  They	
  fill	
  the	
  space	
  around	
  neurons,	
  which	
  

are	
  the	
  electrically	
  active	
  cells	
  in	
  the	
  CNS	
  responsible	
  for	
  signal	
  transduction.	
  Though	
  glia	
  cells	
  

usually	
  do	
  not	
  act	
  to	
  propagate	
  neurotransmission,	
  glia	
  cells	
  do	
  serve	
  many	
  important	
  functions	
  

in	
  the	
  CNS.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Many	
  functions	
  of	
  glia	
  cells	
  are	
  served	
  by	
  a	
  specialized	
  cell	
  type.	
  For	
  instance,	
  microglia	
  are	
  

the	
  smallest	
  glia	
  of	
  the	
  cells.	
  They	
  are	
  specifically	
  suited	
  to	
  serve	
  the	
  function	
  of	
  cleaning	
  up	
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cellular	
  debris	
  within	
  the	
  CNS.	
  Furthermore,	
  they	
  act	
  as	
  the	
  phagocytic	
  cells	
  of	
  the	
  brain.	
  In	
  

healthy	
  tissue,	
  microglia	
  are	
  dispersed	
  throughout	
  the	
  CNS.	
  Upon	
  injury,	
  microglia	
  cells	
  become	
  

activated	
  with	
  morphological	
  and	
  phenotypical	
  changes.	
  Other	
  types	
  of	
  glia	
  cells	
  important	
  in	
  

this	
  work	
  include	
  astrocytes	
  and	
  oligodendrocytes.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Astrocytes	
  are	
  the	
  most	
  abundant	
  glia	
  cell	
  type	
  in	
  the	
  brain.	
  They	
  serve	
  a	
  variety	
  of	
  

functions.	
  Astrocytes	
  are	
  especially	
  important	
  in	
  maintaining	
  homeostasis	
  within	
  the	
  CNS,	
  

particularly	
  in	
  the	
  context	
  of	
  health	
  and	
  disease	
  (Albrecht	
  et	
  al.,	
  2003;	
  Williams	
  et	
  al.,	
  2007;	
  

Sofroniew	
  and	
  Vinters,	
  2010).	
  Morphologically,	
  astrocytes	
  are	
  the	
  largest	
  glia	
  cells.	
  Generally	
  

astrocytes	
  are	
  star-­‐shaped	
  and	
  become	
  hypertrophic	
  in	
  response	
  to	
  injury	
  within	
  the	
  CNS.	
  

	
  	
  	
  	
  	
  	
  	
  	
  Oligodendrocytes,	
  as	
  mentioned	
  briefly,	
  are	
  a	
  specialized	
  type	
  of	
  glia	
  cell	
  that	
  form	
  the	
  

myelin	
  sheaths	
  in	
  the	
  brain.	
  Myelin	
  is	
  an	
  outgrowth	
  of	
  processes	
  from	
  mature	
  fully	
  

differentiated	
  oligodendrocyte	
  cells.	
  The	
  loss	
  of	
  these	
  mature	
  oligodendroglial	
  cells	
  results	
  in	
  

demyelination,	
  the	
  loss	
  of	
  myelin	
  sheaths.	
  	
  Remyelination	
  on	
  the	
  other	
  hand,	
  is	
  the	
  maturation	
  

of	
  oligodendrocyte	
  lineage	
  cells	
  into	
  myelinating	
  sheaths	
  surrounding	
  axons.	
  A	
  secondary	
  role	
  

of	
  the	
  myelin	
  sheath	
  is	
  to	
  protect	
  axons	
  from	
  damage.	
  Remyelination	
  can	
  enhance	
  restoration	
  

of	
  function	
  and	
  also	
  act	
  as	
  a	
  method	
  of	
  neuroprotection	
  for	
  axons	
  in	
  the	
  brain.	
  

	
  	
  	
  	
  	
  	
  	
  	
  While	
  it	
  is	
  mature,	
  fully	
  differentiated	
  oligodendrocytes	
  that	
  form	
  the	
  myelin	
  sheaths	
  

within	
  the	
  CNS,	
  oligodendrocyte	
  progenitors	
  are	
  also	
  particularly	
  important	
  for	
  myelination.	
  

Oligodendrocyte	
  progenitors	
  are	
  the	
  precursors	
  to	
  mature	
  oligodendrocytes.	
  They	
  arise	
  from	
  a	
  

multi-­‐potent	
  neural	
  stem	
  cell	
  population	
  (Gallo	
  and	
  Armstrong,	
  2008;	
  Miron	
  et	
  al.,	
  2011).	
  Multi-­‐

potent	
  progenitors	
  are	
  found	
  to	
  some	
  degree	
  dispersed	
  throughout	
  the	
  CNS.	
  However,	
  the	
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majority	
  of	
  these	
  progenitor	
  cells	
  are	
  localized	
  to	
  specific	
  neurogenic	
  regions,	
  such	
  as	
  the	
  

subventricular	
  zone	
  (SVZ)	
  (Gallo	
  and	
  Armstrong,	
  2008).	
  The	
  progression	
  to	
  fully	
  mature	
  

myelinating	
  oligodendrocyte	
  cells	
  can	
  be	
  characterized	
  based	
  on	
  various	
  morphological	
  and	
  

phenotypical	
  changes.	
  For	
  instance,	
  multi-­‐potent	
  progenitor	
  cells	
  have	
  a	
  round	
  appearance	
  

with	
  few	
  processes.	
  Such	
  multi-­‐potent	
  progenitor	
  cells	
  express	
  nestin,	
  which	
  is	
  an	
  intermediate	
  

filament	
  protein.	
  In	
  contrast,	
  oligodendrocyte	
  progenitor	
  cells	
  tend	
  to	
  have	
  bipolar	
  processes	
  

and	
  express	
  among	
  other	
  factors,	
  platelet	
  derived	
  growth	
  factor	
  receptor	
  alpha	
  (PDGFaR)	
  

(Miron	
  et	
  al.,	
  2011).	
  OL	
  cell	
  progression	
  continues	
  then	
  from	
  oligodendrocyte	
  progenitors	
  to	
  

pre	
  and	
  immature	
  oligodendrocyte	
  lineage	
  cells	
  expressing	
  O4	
  and	
  GalC	
  (Miron	
  et	
  al.,	
  2011).	
  

Once	
  mature,	
  oligodendrocytes	
  have	
  several	
  myelinating	
  processes	
  and	
  express	
  many	
  different	
  

myelin-­‐related	
  proteins	
  such	
  as	
  myelin	
  basic	
  protein	
  (MBP),	
  myelin-­‐associated	
  glycoprotein	
  

(MAG)	
  and	
  myelin	
  oligodendrocyte	
  glycoprotein	
  (MOG)	
  (Miron	
  et	
  al.,	
  2011).	
  Throughout	
  

progression	
  from	
  immature	
  to	
  mature	
  oligodendrocytes	
  Olig2	
  can	
  detected,	
  making	
  it	
  a	
  good	
  

marker	
  for	
  all	
  stages	
  of	
  the	
  oligodendrocyte	
  cell	
  lineage	
  (Vana	
  et	
  al.,	
  2007;	
  Miron	
  et	
  al.,	
  2011).	
  	
  

Importance	
  of	
  CC	
  demyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  CC	
  is	
  the	
  largest	
  white	
  matter	
  tract	
  in	
  the	
  brain	
  and	
  is	
  the	
  target	
  of	
  many	
  animal	
  

models	
  of	
  demyelination	
  and	
  remyelination	
  via	
  injection	
  of	
  toxins	
  or	
  antibodies	
  or	
  by	
  ingestion	
  

of	
  cuprizone	
  (Gensert	
  and	
  Goldman,	
  1997;	
  Matsushima	
  and	
  Morell,	
  2001;	
  Armstrong	
  et	
  al.,	
  

2002;	
  Decker	
  et	
  al.,	
  2002).	
  In	
  addition	
  to	
  being	
  a	
  target	
  for	
  animal	
  studies	
  of	
  demyelination,	
  the	
  

CC	
  is	
  implicated	
  in	
  human	
  demyelinating	
  diseases.	
  The	
  CC	
  is	
  important	
  for	
  transfer	
  and	
  

integration	
  of	
  information	
  between	
  the	
  two	
  hemispheres	
  of	
  the	
  brain.	
  Humans	
  with	
  agenesis	
  of	
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the	
  CC	
  have	
  normal	
  intelligence,	
  but	
  present	
  with	
  subtle	
  cognitive	
  deficits,	
  especially	
  in	
  

language	
  ability	
  (Paul	
  et	
  al.,	
  2007).	
  Similar	
  deficits	
  are	
  also	
  observed	
  in	
  patients	
  that	
  have	
  

undergone	
  callosotomy	
  (Devinsky	
  and	
  Laff,	
  2003).	
  Such	
  language	
  deficits	
  are	
  associated	
  with	
  

problems	
  in	
  social	
  interaction	
  and	
  are	
  symptoms	
  of	
  the	
  autism	
  spectrum	
  disorders	
  (Paul	
  et	
  al.,	
  

2007).	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  addition	
  to	
  language	
  deficits,	
  CC	
  structural	
  abnormalities	
  have	
  shown	
  a	
  correlation	
  with	
  

impairments	
  in	
  motor	
  tasks	
  involving	
  bimanual	
  finger	
  coordination.	
  These	
  motor	
  impairments	
  

are	
  observed	
  in	
  patients	
  with	
  agenesis	
  of	
  the	
  CC,	
  in	
  patients	
  that	
  have	
  undergone	
  callosotomy,	
  

in	
  children	
  in	
  whom	
  the	
  CC	
  is	
  not	
  fully	
  myelinated,	
  and	
  also	
  in	
  MS	
  patients	
  (Kennerley	
  et	
  al.,	
  

2002;	
  Bonzano	
  et	
  al.,	
  2008;	
  Muetzel	
  et	
  al.,	
  2008).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  addition	
  to	
  being	
  the	
  largest	
  white	
  matter	
  tract	
  in	
  the	
  brain	
  and	
  exhibiting	
  functional	
  

biological	
  deficits	
  when	
  impaired	
  in	
  humans,	
  the	
  CC	
  is	
  also	
  a	
  beneficial	
  model	
  for	
  demyelination	
  

studies	
  due	
  to	
  its	
  location.	
  The	
  CC	
  is	
  located	
  adjacent	
  to	
  the	
  subventricular	
  zone,	
  a	
  potential	
  

source	
  for	
  neural	
  stem	
  cells	
  (Gallo	
  and	
  Armstrong,	
  2008).	
  This	
  makes	
  the	
  CC	
  ideally	
  located	
  to	
  

monitor	
  neuroregenerative	
  responses	
  for	
  repair	
  of	
  demyelination.	
  	
  	
  

MS	
  disease	
  progression	
  

	
  	
  	
  	
  	
  	
  	
  	
  Research	
  to	
  promote	
  remyelination	
  after	
  chronic	
  or	
  prolonged	
  episodes	
  of	
  demyelination	
  

is	
  a	
  promising	
  field.	
  Remission	
  in	
  the	
  context	
  of	
  MS	
  shows	
  that	
  spontaneous	
  remyelination	
  and	
  

functional	
  recovery	
  can	
  occur,	
  at	
  least	
  in	
  the	
  early	
  stages	
  of	
  demyelination.	
  Functional	
  

remyelination	
  is	
  less	
  extensive	
  in	
  chronic	
  MS,	
  but	
  still	
  occurs	
  (Prineas,	
  Connell,	
  1979).	
  In	
  fact,	
  

some	
  subsets	
  of	
  patients	
  with	
  chronic	
  MS	
  exhibit	
  almost	
  complete	
  remyelination	
  within	
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previously	
  demyelinated	
  white	
  matter	
  (Patrikos,	
  2006).	
  While	
  this	
  shows	
  that	
  remyelination	
  is	
  

possible	
  in	
  the	
  context	
  of	
  chronic	
  disease,	
  remyelination	
  tends	
  to	
  fail	
  as	
  the	
  disease	
  progresses	
  

in	
  the	
  majority	
  of	
  MS	
  cases	
  (Patrikos,	
  2006,	
  Patani	
  et	
  al,	
  2007).	
  Furthermore,	
  this	
  suggests	
  that	
  

the	
  micro-­‐environment	
  within	
  chronic	
  MS	
  limits	
  remyelination	
  (Gallo	
  and	
  Armstrong,	
  2008).	
  

Moreover,	
  OL	
  cells	
  likely	
  retain	
  the	
  ability	
  to	
  remyelinate	
  denuded	
  axons	
  even	
  in	
  the	
  context	
  of	
  

chronic	
  demyelination	
  (Patani	
  et	
  al,	
  2007).	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  potential	
  for	
  remyelination	
  is	
  partially	
  influenced	
  by	
  the	
  temporal	
  dynamics	
  involved	
  in	
  

the	
  disease	
  course	
  of	
  MS.	
  	
  Although	
  a	
  relapsing-­‐remitting	
  disease	
  course	
  is	
  the	
  most	
  common	
  

form	
  of	
  MS,	
  it	
  can	
  also	
  present	
  as	
  a	
  primary	
  progressive	
  disease	
  with	
  continual	
  worsening	
  of	
  

symptoms	
  and	
  no	
  distinct	
  remission	
  period	
  (Antel	
  et	
  al.,	
  2012).	
  Indeed,	
  50-­‐60	
  percent	
  of	
  

relapsing-­‐remitting	
  MS	
  cases	
  progress	
  from	
  relapsing-­‐remitting	
  to	
  secondary	
  progressive	
  MS	
  

(Antel	
  et	
  al,	
  2012).	
  Although	
  lesion	
  status	
  in	
  MS	
  is	
  not	
  a	
  direct	
  indicator	
  of	
  disability,	
  continuous	
  

demyelination	
  over	
  time	
  could	
  contribute	
  to	
  a	
  greater	
  lesion	
  load.	
  A	
  greater	
  lesion	
  load	
  means	
  

a	
  higher	
  potential	
  for	
  axonal	
  damage	
  or	
  loss,	
  markers	
  that	
  do	
  correlate	
  more	
  closely	
  with	
  

disability	
  (Schirmer	
  et	
  al.,	
  2011).	
  Furthermore,	
  an	
  effective	
  means	
  to	
  prevent	
  disability	
  

attributed	
  to	
  axonal	
  damage	
  or	
  loss	
  is	
  to	
  promote	
  neuroprotection	
  through	
  mechanisms	
  like	
  

remyelination	
  (Karussis	
  et	
  al.,	
  2006;	
  Stangel,	
  2008).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Differences	
  in	
  disease	
  course	
  and	
  symptom	
  severity	
  are	
  likely	
  due	
  to	
  variable	
  lesion	
  

location,	
  lesion	
  number,	
  and	
  lesion	
  volume	
  as	
  well	
  as	
  the	
  extent	
  of	
  demyelination.	
  Comparisons	
  

of	
  remyelination	
  between	
  early	
  and	
  late	
  disease	
  courses	
  show	
  that	
  remyelination	
  is	
  more	
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frequent	
  in	
  early	
  stages	
  of	
  MS	
  (Perier	
  and	
  Gregoire,	
  1965;	
  Prineas	
  and	
  Connell,	
  1979;	
  Prineas	
  et	
  

al.,	
  1993;	
  Hanafy	
  and	
  Sloane,	
  2011).	
  	
  

Types	
  of	
  MS	
  lesions	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  potential	
  for	
  remyelination	
  within	
  MS	
  lesions	
  might	
  partially	
  depend	
  on	
  lesion	
  status.	
  

Though	
  all	
  MS	
  lesions	
  possess	
  several	
  hallmark	
  characteristics,	
  such	
  as	
  primary	
  demyelination	
  

with	
  partial	
  axonal	
  preservation	
  (Lassmann,	
  2011),	
  MS	
  lesions	
  are	
  not	
  uniform.	
  Indeed,	
  

descriptions	
  of	
  lesion	
  activity	
  in	
  MS	
  show	
  that	
  there	
  can	
  be	
  six	
  different	
  types	
  of	
  lesions,	
  

characterized	
  by	
  the	
  location	
  and	
  presence	
  or	
  absence	
  of	
  inflammation	
  and	
  demyelination	
  (van	
  

der	
  Valk	
  and	
  De	
  Groot,	
  2000).	
  The	
  six	
  types	
  of	
  lesions	
  are	
  labeled	
  as	
  1)	
  inflammatory	
  (solid)	
  and	
  

demyelinating,	
  2)	
  inflammatory	
  (solid)	
  and	
  not	
  demyelinating,	
  3)	
  inflammatory	
  rim	
  

(hypocellular	
  center)	
  and	
  demyelinating,	
  4)	
  inflammatory	
  rim	
  (hypocellular	
  center),	
  not	
  

demyelinating,	
  5)	
  no	
  inflammation	
  and	
  demyelinating,	
  6)	
  no	
  inflammation	
  and	
  not	
  

demyelinating	
  (van	
  der	
  Valk	
  and	
  De	
  Groot,	
  2000).	
  This	
  classification	
  scheme	
  accurately	
  

describes	
  all	
  possible	
  lesion	
  types	
  observed	
  in	
  MS,	
  though	
  some	
  categories,	
  namely	
  category	
  5,	
  

do	
  not	
  seem	
  likely	
  (van	
  der	
  Valk	
  and	
  De	
  Groot,	
  2000).	
  The	
  distinction	
  between	
  inflammation	
  

within	
  the	
  solid	
  area	
  of	
  the	
  lesion	
  versus	
  the	
  rim	
  of	
  the	
  lesion	
  is	
  an	
  attempt	
  to	
  reconcile	
  

previous	
  descriptions	
  of	
  MS	
  lesions,	
  which	
  also	
  characterize	
  lesion	
  activity,	
  but	
  rely	
  on	
  time-­‐

course	
  suggestive	
  terminology.	
  In	
  these	
  previous	
  MS	
  lesion	
  descriptions,	
  it	
  was	
  noted	
  that	
  early	
  

demyelinating	
  lesions	
  display	
  inflammation	
  through	
  the	
  lesion	
  core,	
  thus	
  termed	
  inflammation	
  

(solid).	
  In	
  contrast,	
  later	
  stage	
  lesions,	
  termed	
  chronic	
  active,	
  show	
  myelin	
  loss	
  at	
  the	
  center	
  of	
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the	
  lesion,	
  indicating	
  the	
  hypocellular	
  description,	
  along	
  with	
  inflammation	
  surrounding	
  the	
  

lesion	
  area,	
  indicating	
  the	
  inflammatory	
  rim	
  designation	
  (van	
  der	
  Valk	
  and	
  De	
  Groot,	
  2000).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  classification	
  of	
  MS	
  lesions	
  into	
  one	
  of	
  the	
  six	
  categories	
  described	
  serves	
  a	
  descriptive	
  

purpose	
  and	
  does	
  not	
  indicate	
  a	
  time	
  frame	
  for	
  lesion	
  development	
  through	
  the	
  disease	
  course	
  

(van	
  der	
  Valk	
  and	
  De	
  Groot,	
  2000).	
  Thus,	
  previous	
  descriptions	
  of	
  MS	
  lesions	
  with	
  time-­‐course	
  

suggestive	
  classifications	
  do	
  not	
  correspond	
  directly	
  with	
  the	
  six	
  lesion	
  categories.	
  However,	
  

comparison	
  of	
  the	
  classification	
  systems	
  reveals	
  that	
  active	
  lesions,	
  exhibit	
  both	
  inflammation	
  

and	
  demyelination.	
  Alternately,	
  chronic	
  active	
  lesions	
  show	
  inflammation	
  without	
  signs	
  of	
  

ongoing	
  demyelination.	
  Furthermore,	
  chronic	
  inactive	
  lesions	
  do	
  not	
  exhibit	
  signs	
  of	
  

inflammation	
  and	
  may	
  or	
  may	
  not	
  exhibit	
  ongoing	
  demyelination.	
  Additionally,	
  there	
  could	
  be	
  

another	
  preactive	
  lesion	
  stage	
  that	
  does	
  not	
  have	
  signs	
  of	
  either	
  inflammation	
  or	
  

demyelination,	
  but	
  might	
  be	
  distinguished	
  by	
  other	
  early	
  events	
  in	
  MS	
  pathology.	
  	
  

Heterogeneity	
  within	
  MS	
  lesions	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  addition	
  to	
  the	
  temporal	
  progression	
  of	
  MS	
  lesions,	
  suggested	
  by	
  the	
  classification	
  

schemes	
  described,	
  the	
  immunopathological	
  profile	
  of	
  MS	
  lesions	
  can	
  vary	
  even	
  within	
  a	
  

defined	
  subset	
  of	
  lesion	
  activity	
  (Lucchinetti	
  2000).	
  Indeed,	
  active	
  demyelinating	
  MS	
  lesions	
  

have	
  been	
  characterized	
  as	
  falling	
  into	
  one	
  of	
  four	
  patterns	
  with	
  different	
  immunopathological	
  

profiles	
  (Lucchinetti	
  2000).	
  Lesions	
  designated	
  Type	
  I	
  and	
  II	
  MS	
  lesions	
  suggest	
  T-­‐cell	
  mediated	
  

demyelination	
  and	
  the	
  possible	
  implication	
  of	
  inflammation	
  in	
  addition	
  to	
  demyelination	
  

(Lucchinetti	
  et	
  al.,	
  2000).	
  Lesions	
  designated	
  Type	
  III	
  and	
  IV	
  on	
  the	
  other	
  hand,	
  seem	
  to	
  suggest	
  

oligodendrocyte	
  dysfunction	
  possibly	
  without	
  primary	
  inflammation	
  (Lucchinetti	
  et	
  al.,	
  2000).	
  



12	
  
	
  

12	
  
	
  

Cellular	
  determinants	
  of	
  remyelination	
  capacity	
  

	
  	
  	
  	
  	
  	
  	
  	
  Many	
  different	
  cellular	
  factors	
  contribute	
  to	
  the	
  capacity	
  for	
  remyelination,	
  but	
  the	
  OL	
  

response	
  ultimately	
  determines	
  whether	
  remyelination	
  will	
  occur.	
  The	
  response	
  of	
  OL	
  

progenitors	
  is	
  particularly	
  important.	
  OL	
  progenitors	
  are	
  multipotent	
  cells	
  that	
  eventually	
  give	
  

rise	
  to	
  mature	
  oligodendrocytes	
  capable	
  of	
  myelination	
  (Zhao	
  et	
  al.,	
  2005;	
  Gallo	
  and	
  Armstrong,	
  

2008).	
  While	
  the	
  majority	
  of	
  OL	
  progenitors	
  either	
  differentiate	
  or	
  die	
  off	
  during	
  development	
  

(Nguyen	
  et	
  al,	
  2006),	
  a	
  there	
  is	
  a	
  population	
  of	
  OL	
  progenitors	
  that	
  persists	
  in	
  the	
  adult	
  CNS.	
  

This	
  cell	
  population	
  compromises	
  from	
  5	
  to	
  8	
  percent	
  of	
  all	
  cells	
  in	
  the	
  adult	
  brain	
  (Levine	
  et	
  al,	
  

2001).	
  Without	
  a	
  robust	
  OL	
  progenitor	
  response	
  to	
  demyelination,	
  remyelination	
  is	
  unlikely	
  as	
  

mature	
  oligodendrocytes	
  do	
  not	
  divide	
  or	
  contribute	
  to	
  remyelination	
  (Keirstead,	
  1997,	
  

Redwine	
  and	
  Armstrong	
  1998,	
  Di	
  Bello	
  et	
  al,	
  1999).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  There	
  are	
  four	
  cellular	
  properties	
  that	
  determine	
  OL	
  progenitor	
  remyelination	
  potential,	
  i)	
  

proliferation,	
  ii)	
  migration,	
  iii)	
  differentiation	
  and	
  iv)	
  survival.	
  Proliferation	
  is	
  the	
  capacity	
  for	
  

early	
  stage	
  OL	
  cells	
  to	
  divide	
  and	
  amplify.	
  Early	
  stage	
  OL	
  progenitor	
  cells	
  are	
  found	
  throughout	
  

the	
  adult	
  CNS,	
  particularly	
  in	
  the	
  SVZ,	
  a	
  neurogenic	
  region	
  of	
  the	
  brain,	
  which	
  can	
  become	
  

activated	
  after	
  demyelinating	
  insults	
  (Gallo	
  and	
  Armstrong,	
  2008;	
  Heneka	
  et	
  al.,	
  2010).	
  That	
  is	
  

to	
  say	
  that	
  demyelination	
  can	
  cause	
  the	
  neural	
  progenitor	
  pool	
  to	
  be	
  expanded,	
  including	
  OL	
  

cells	
  found	
  in	
  the	
  SVZ.	
  	
  Furthermore,	
  evidence	
  suggests	
  that	
  OL	
  progenitor	
  cells	
  and	
  

premyelinating	
  oligodendrocytes	
  can	
  persist	
  in	
  MS	
  lesions	
  yet	
  fail	
  to	
  efficiently	
  remyelinate	
  

denuded	
  axons	
  (Wolswijk,	
  2000;	
  Maeda	
  et	
  al.,	
  2001;	
  Wolswijk,	
  2002).	
  Depletion	
  of	
  the	
  

oligodendrocyte	
  progenitor	
  pool	
  and	
  premyelinating	
  oligodendrocyte	
  populations	
  as	
  a	
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consequence	
  of	
  prolonged	
  disease	
  duration	
  may	
  limit	
  the	
  capacity	
  for	
  remyelination	
  in	
  chronic	
  

lesions	
  (Wolswijk,	
  2000;	
  Reynolds	
  et	
  al.,	
  2001;	
  Wolswijk,	
  2002;	
  Mason	
  et	
  al.,	
  2004).	
  Migration	
  is	
  

the	
  ability	
  for	
  OL	
  progenitor	
  cells	
  to	
  move	
  through	
  the	
  brain,	
  particularly	
  their	
  ability	
  to	
  

infiltrate	
  lesion	
  areas	
  caused	
  by	
  demyelination.	
  Even	
  if	
  OL	
  progenitor	
  cells	
  exist	
  in	
  the	
  brain	
  and	
  

have	
  the	
  capacity	
  for	
  functional	
  repair,	
  they	
  will	
  not	
  effectively	
  remyelinate	
  a	
  lesion	
  area	
  if	
  they	
  

cannot	
  migrate	
  to	
  that	
  lesion.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Differentiation	
  is	
  the	
  transformation	
  of	
  OL	
  progenitor	
  cells	
  into	
  fully	
  myelinating	
  CNS	
  cells	
  

that	
  promote	
  axonal	
  conduction.	
  To	
  achieve	
  successful	
  remyelination	
  OL	
  cells	
  must	
  be	
  able	
  to	
  

grow	
  into	
  functional	
  myelinating	
  sheaths	
  (Williams	
  et	
  al.,	
  2007).	
  Survival	
  is	
  an	
  important	
  factor	
  

at	
  all	
  OL	
  stages.	
  Without	
  thriving	
  OL	
  cells,	
  the	
  chances	
  for	
  remyelination	
  are	
  diminished	
  

(Williams	
  et	
  al,	
  2007).	
  Successful	
  remyelination	
  involves	
  coordination	
  of	
  all	
  four	
  cellular	
  

properties	
  mentioned.	
  Conversely,	
  limited	
  remyelination	
  might	
  result	
  from	
  aberrations	
  in	
  one	
  

or	
  more	
  these	
  cellular	
  properties	
  (Millet	
  et	
  al.,	
  2009;	
  Kotter	
  et	
  al.,	
  2011;	
  Moore	
  et	
  al.,	
  2011).	
  	
  

Apoptosis	
  in	
  MS	
  lesions	
  

	
  	
  	
  	
  	
  	
  	
  	
  Apoptosis	
  is	
  a	
  cellular	
  mechanism	
  capable	
  of	
  influencing	
  OL	
  capacity	
  for	
  remyelination	
  as	
  a	
  

direct	
  means	
  of	
  regulating	
  OL	
  survival.	
  In	
  MS	
  lesions,	
  apoptosis	
  is	
  apparent	
  (Dowling	
  et	
  al.	
  1997,	
  

Barnett	
  and	
  Prineas	
  2004).	
  However,	
  the	
  majority	
  of	
  apoptosis	
  occurring	
  in	
  MS	
  lesions	
  targets	
  

infiltrating	
  inflammatory	
  cells	
  (Dowling	
  et	
  al,	
  1997).	
  Still,	
  some	
  14-­‐40	
  percent	
  of	
  cells	
  dying	
  in	
  

MS	
  lesions,	
  either	
  through	
  necrosis	
  or	
  apoptosis	
  have	
  been	
  identified	
  as	
  OL	
  cells	
  (Dowling	
  et	
  al,	
  

1997).	
  This	
  indicates	
  that	
  OL	
  cell	
  death	
  is	
  an	
  important	
  component	
  contributing	
  to	
  MS	
  lesions.	
  

Indeed,	
  apoptosis	
  of	
  mature	
  OL	
  cells	
  has	
  been	
  observed	
  as	
  a	
  characteristic	
  of	
  early	
  and	
  active	
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MS	
  cases,	
  suggesting	
  that	
  mature	
  OL	
  apoptosis	
  is	
  an	
  early	
  stage	
  mediator	
  of	
  myelin	
  loss	
  in	
  MS	
  

(Barnett	
  and	
  Prineas	
  2004).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  percent	
  of	
  dying	
  OL	
  cells	
  observed	
  in	
  MS	
  lesions	
  might	
  have	
  such	
  a	
  broad	
  range	
  due	
  to	
  

the	
  heterogeneity	
  of	
  lesions	
  (Lucchinetti	
  et	
  al.,	
  1999,	
  2000;	
  Lucchinetti	
  and	
  Bruck,	
  2004).	
  

Furthermore,	
  apoptosis	
  is	
  a	
  complex	
  cellular	
  process	
  involving	
  the	
  interplay	
  of	
  many	
  different	
  

signals	
  and	
  death	
  receptors	
  that	
  initiate	
  the	
  process	
  of	
  apoptosis	
  are	
  observed	
  in	
  MS	
  lesions	
  

(Cannella	
  et	
  al,	
  2007).	
  This	
  indicates	
  that	
  though	
  apoptosis	
  of	
  OL	
  cells	
  in	
  chronic	
  MS	
  lesions	
  is	
  

not	
  robust	
  (Canella	
  et	
  al,	
  2007,	
  Dowling	
  et	
  al,	
  1997),	
  the	
  machinery	
  of	
  apoptosis	
  is	
  present	
  and	
  

might	
  be	
  activated	
  a	
  low	
  levels.	
  Moreover,	
  the	
  temporal	
  characteristics	
  of	
  apoptosis	
  are	
  not	
  

well-­‐defined	
  (Muliyil	
  et	
  al.,	
  2011).	
  Thus,	
  activation	
  of	
  death	
  receptors	
  on	
  OL	
  cells	
  at	
  early	
  

disease	
  stages	
  could	
  produce	
  apoptosis	
  much	
  later	
  in	
  disease	
  progression.	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Interestingly,	
  OL	
  apoptosis	
  was	
  observed	
  only	
  in	
  one	
  type	
  of	
  lesion	
  designated	
  Type	
  III	
  

lesions	
  (Luchinetti	
  2000).	
  Four	
  different	
  types	
  of	
  MS	
  lesions	
  have	
  been	
  described	
  based	
  on	
  

differences	
  in	
  demyelination	
  patterns	
  and	
  immunopathological	
  profiles	
  (Lucchinetti	
  et	
  al.,	
  

2000).	
  Furthermore,	
  a	
  recent	
  report	
  (Breij	
  et	
  al.,	
  2008)	
  suggests	
  that	
  the	
  heterogeneity	
  in	
  

immunopathogical	
  profiles	
  described	
  in	
  early	
  active	
  MS	
  lesions	
  (Lucchinetti	
  2000)	
  is	
  only	
  

characteristic	
  of	
  very	
  early	
  disease	
  states.	
  Taken	
  together,	
  these	
  results	
  indicate	
  that	
  OL	
  

apoptosis	
  might	
  be	
  a	
  characteristic	
  marker	
  for	
  early	
  stage	
  MS.	
  	
  	
  

Manipulation	
  of	
  cellular	
  factors	
  to	
  promote	
  remyelination	
  potential	
  

	
  	
  	
  	
  	
  	
  	
  	
  Apoptosis,	
  as	
  a	
  direct	
  regulator	
  of	
  OL	
  survival	
  represents	
  one	
  avenue	
  for	
  manipulation	
  of	
  

the	
  OL	
  progenitor	
  response	
  in	
  the	
  context	
  of	
  remyelination.	
  The	
  role	
  of	
  apoptosis	
  on	
  limited	
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remyelination	
  after	
  chronic	
  demyelination	
  is	
  examined	
  in	
  this	
  work.	
  Other	
  regulators	
  of	
  the	
  

cellular	
  properties	
  governing	
  the	
  OL	
  response	
  to	
  demyelination	
  examined	
  in	
  this	
  work	
  are	
  not	
  

as	
  direct.	
  Both	
  intrinsic	
  temporal	
  mechanisms,	
  such	
  as	
  OL	
  age	
  and	
  development,	
  as	
  well	
  as	
  

extrinsic	
  regulatory	
  mechanisms,	
  such	
  as	
  neuronal	
  signaling,	
  secretion	
  of	
  cytokines,	
  growth	
  and	
  

transcription	
  factors	
  have	
  the	
  potential	
  to	
  modulate	
  the	
  OL	
  response	
  in	
  the	
  context	
  of	
  

demyelination	
  (Millet	
  et	
  al	
  2009,	
  Gallo	
  and	
  Armstrong	
  2008).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Specific	
  manipulation	
  of	
  astrocytes	
  to	
  influence	
  the	
  degree	
  of	
  astroglial	
  activity	
  or	
  other	
  

cellular	
  mechanisms	
  like	
  apoptosis	
  could	
  be	
  a	
  therapeutic	
  avenue	
  for	
  MS	
  research.	
  Identifying	
  

cellular	
  targets	
  for	
  manipulation	
  is	
  the	
  first	
  step	
  in	
  designing	
  such	
  therapeutics	
  and	
  is	
  the	
  goal	
  

of	
  both	
  the	
  first	
  and	
  second	
  specific	
  aims	
  within	
  this	
  work.	
  Though	
  the	
  ultimate	
  goal	
  is	
  to	
  design	
  

therapeutics	
  for	
  humans,	
  controlled	
  experiments	
  are	
  difficult	
  in	
  humans	
  due	
  to	
  limited	
  tissue	
  

samples	
  and	
  lack	
  of	
  control	
  for	
  confounding	
  factors.	
  Therefore	
  it	
  is	
  useful	
  to	
  employ	
  animal	
  

models	
  to	
  tease	
  apart	
  the	
  mechanisms	
  controlling	
  limited	
  remyelination	
  after	
  chronic	
  or	
  

prolonged	
  demyelination.	
  	
  

Astrogliosis	
  as	
  a	
  potential	
  contributor	
  to	
  remyelination	
  potential	
  

	
  	
  	
  	
  	
  	
  	
  	
  Astroglial	
  activation,	
  commonly	
  referred	
  to	
  as	
  astrogliosis,	
  is	
  a	
  major	
  contributor	
  to	
  the	
  

generation	
  of	
  extrinsic	
  regulatory	
  mechanisms	
  for	
  the	
  OL	
  response	
  to	
  demyelination.	
  Astroglial	
  

activation	
  can	
  stimulate	
  the	
  production	
  of	
  various	
  growth	
  factors,	
  cytokines	
  and	
  chemokines	
  

(Gallo	
  and	
  Armstrong,	
  2008).	
  Such	
  secreted	
  factors	
  can	
  be	
  either	
  beneficial	
  or	
  detrimental	
  to	
  

the	
  OL	
  capacity	
  for	
  remyelination	
  in	
  MS	
  (Williams	
  et	
  al.,	
  2007;	
  Fitch	
  and	
  Silver,	
  2008;	
  Gallo	
  and	
  

Armstrong,	
  2008;	
  Sofroniew,	
  2009;	
  Hamby	
  and	
  Sofroniew,	
  2011).	
  Indeed,	
  astrogliosis	
  has	
  long	
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been	
  recognized	
  as	
  a	
  characteristic	
  of	
  MS	
  lesions	
  (Lucchinetti	
  et	
  al.,	
  2012).	
  Only	
  recently	
  has	
  the	
  

effect	
  of	
  astroglial	
  activation	
  been	
  brought	
  into	
  question	
  with	
  regards	
  to	
  the	
  context	
  of	
  

remyelination	
  (Williams	
  et	
  al.,	
  2007).	
  Though	
  activated	
  astrocytes	
  express	
  several	
  factors	
  with	
  

the	
  potential	
  to	
  influence	
  OL	
  cells,	
  the	
  expression	
  pattern	
  of	
  such	
  factors	
  could	
  vary	
  widely	
  

based	
  on	
  the	
  extent	
  of	
  astroglial	
  activation	
  within	
  the	
  continuum	
  of	
  astroglial	
  activation	
  

(Sofroniew	
  and	
  Vinters	
  2010).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Characterizing	
  the	
  extent	
  of	
  astrogliosis	
  during	
  demyelination	
  will	
  therefore	
  be	
  helpful	
  in	
  

determining	
  the	
  role	
  that	
  astrocytes	
  play	
  in	
  influencing	
  the	
  OL	
  response	
  to	
  demyelination.	
  

However,	
  because	
  the	
  continuum	
  of	
  astroglial	
  activation	
  is	
  defined	
  as	
  gradual	
  changes	
  in	
  

astrocyte	
  morphology	
  and	
  phenotype	
  expression,	
  the	
  boundaries	
  for	
  classifying	
  the	
  degree	
  of	
  

astroglial	
  activation	
  are	
  not	
  clear-­‐cut.	
  Still,	
  attempts	
  are	
  being	
  been	
  made	
  to	
  standardize	
  the	
  

classification	
  of	
  the	
  degree	
  of	
  astroglial	
  activation	
  (Sofroniew	
  and	
  Vinters	
  2010).	
  Within	
  the	
  

proposed	
  classification	
  scheme	
  for	
  astroglial	
  activation,	
  there	
  are	
  four	
  general	
  categories.	
  The	
  

first	
  category	
  defines	
  astrocytes	
  within	
  healthy	
  CNS	
  tissue.	
  In	
  this	
  category,	
  some,	
  but	
  not	
  all	
  

astrocytes	
  express	
  glial	
  fibrillary	
  acidic	
  protein	
  (GFAP),	
  an	
  intermediate	
  filament	
  protein	
  

characteristic	
  of	
  astrocytic	
  cells.	
  Also	
  in	
  this	
  first	
  category	
  of	
  astrogliosis	
  in	
  healthy	
  CNS	
  tissue,	
  

astrocytes	
  remain	
  in	
  well-­‐defined	
  non-­‐lapping	
  domains	
  and	
  there	
  either	
  no	
  or	
  very	
  little	
  

proliferation	
  of	
  astrocytes	
  (Sofroniew	
  and	
  Vinters,	
  2010).	
  The	
  second	
  category	
  is	
  mild	
  to	
  

moderate	
  astrogliosis	
  in	
  which	
  most	
  astrocytes	
  express	
  GFAP,	
  individual	
  astrocytic	
  domains	
  are	
  

preserved	
  and	
  there	
  is	
  still	
  no	
  or	
  little	
  proliferation	
  (Sofroniew	
  and	
  Vinters,	
  2010).	
  The	
  third	
  

category	
  is	
  severe	
  diffuse	
  reactive	
  astrogliosis	
  in	
  which	
  most	
  astrocytes	
  express	
  GFAP.	
  There	
  

begins	
  to	
  be	
  an	
  over-­‐lap	
  of	
  individual	
  astrocytic	
  domains	
  and	
  proliferation	
  of	
  astrocytes	
  is	
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apparent	
  (Sofroniew	
  and	
  Vinters,	
  2010).	
  The	
  fourth	
  and	
  most	
  extreme	
  category	
  is	
  severe	
  

astrogliosis	
  with	
  compact	
  glial	
  scar	
  formation.	
  This	
  category	
  has	
  all	
  the	
  characteristics	
  of	
  severe	
  

diffuse	
  astrogliosis	
  plus	
  there	
  is	
  deposition	
  of	
  a	
  dense	
  collagen	
  extracellular	
  matrix	
  (ECM)	
  along	
  

the	
  border	
  of	
  areas	
  of	
  tissue	
  damage,	
  possibly	
  serving	
  the	
  function	
  to	
  wall	
  off	
  the	
  injured	
  tissue	
  

from	
  inflammatory	
  non-­‐CNS	
  cells	
  that	
  invade	
  after	
  injury	
  (Sofroniew	
  and	
  Vinters	
  2010).	
  In	
  this	
  

work,	
  the	
  stage	
  of	
  astrogliosis	
  following	
  demyelination	
  was	
  characterized	
  according	
  to	
  the	
  

described	
  classification	
  scheme	
  (Sofroniew	
  and	
  Vinters,	
  2010).	
  	
  

Animal	
  models	
  of	
  demyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  There	
  are	
  many	
  animal	
  models	
  that	
  induce	
  demyelination	
  (van	
  der	
  Goes	
  and	
  Dijkstra,	
  

2001)	
  and	
  mice	
  are	
  the	
  prototypical	
  organism	
  used	
  for	
  such	
  research.	
  Animal	
  models	
  are	
  useful	
  

tools	
  for	
  studying	
  the	
  mechanisms	
  of	
  demyelination	
  since	
  there	
  is	
  a	
  limited	
  availability	
  of	
  

human	
  tissue	
  for	
  analysis.	
  Additionally,	
  animal	
  studies	
  offer	
  greater	
  control	
  over	
  confounding	
  

factors	
  compared	
  to	
  human	
  tissue	
  samples.	
  Mice	
  are	
  the	
  prototypical	
  animals	
  used	
  for	
  studies	
  

of	
  demyelination	
  as	
  they	
  are	
  readily	
  available	
  from	
  commercial	
  sources,	
  have	
  an	
  immunological	
  

profile	
  similar	
  to	
  humans	
  and	
  have	
  been	
  characterized	
  using	
  genetic	
  manipulations.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  There	
  are	
  three	
  main	
  groups	
  of	
  demyelination	
  models	
  in	
  mice.	
  These	
  include	
  autoimmune	
  

induced	
  models	
  of	
  demyelination,	
  viral	
  induced	
  models	
  of	
  demyelination	
  and	
  toxin	
  induced	
  

models	
  of	
  demyelination	
  (Denic	
  et	
  al.,	
  2011).	
  While	
  each	
  of	
  these	
  demyelinating	
  models	
  is	
  

important	
  for	
  uncovering	
  the	
  mechanisms	
  of	
  MS,	
  it	
  is	
  important	
  to	
  note	
  the	
  limitations	
  of	
  these	
  

models.	
  That	
  is,	
  no	
  one	
  demyelinating	
  model	
  is	
  a	
  perfect	
  example	
  of	
  MS	
  pathogenesis.	
  

Therefore	
  it	
  is	
  important	
  to	
  define	
  the	
  aims	
  of	
  the	
  study	
  prior	
  to	
  choosing	
  a	
  demyelination	
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model.	
  For	
  studies	
  of	
  demyelination	
  without	
  a	
  primary	
  immune	
  response,	
  the	
  cuprizone	
  model	
  

is	
  a	
  good	
  model	
  (Kipp	
  et	
  al.,	
  2009;	
  Kotter	
  et	
  al.,	
  2011).	
  	
  

The	
  cuprizone	
  model	
  of	
  demyelination	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Cuprizone	
  is	
  neurotoxicant	
  and	
  copper	
  chelator	
  that	
  when	
  ingested	
  specifically	
  and	
  

reproducibly	
  produces	
  demyelination	
  in	
  the	
  corpus	
  callosum	
  (CC)	
  of	
  male	
  C57bl/6	
  mice	
  (Mason	
  

et	
  al.,	
  2001;	
  Matsushima	
  and	
  Morell,	
  2001;	
  Armstrong	
  et	
  al.,	
  2002;	
  Armstrong	
  et	
  al.,	
  2006).	
  

Moreover,	
  cuprizone	
  can	
  be	
  used	
  to	
  assess	
  demyelination	
  through	
  different	
  time-­‐courses.	
  

Spontaneous	
  remyelination	
  is	
  observed	
  when	
  mice	
  are	
  returned	
  to	
  normal	
  chow	
  for	
  a	
  

designated	
  recovery	
  period.	
  This	
  feature	
  of	
  cuprizone	
  ingestion	
  has	
  been	
  used	
  to	
  answer	
  

different	
  questions	
  regarding	
  demyelination	
  and	
  remyelination	
  dynamics.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  general,	
  cuprizone	
  ingestion	
  causes	
  decreased	
  axonal	
  conduction	
  by	
  2	
  weeks	
  (Crawford	
  

et	
  al.,	
  2009)	
  and	
  maximal	
  OL	
  cell	
  loss	
  by	
  4	
  weeks	
  of	
  feeding	
  at	
  0.2%	
  (Matsushima	
  and	
  Morell,	
  

2001).	
  By	
  6	
  weeks	
  of	
  cuprizone	
  ingestion,	
  there	
  is	
  substantial	
  myelin	
  loss	
  in	
  the	
  CC.	
  When	
  mice	
  

are	
  allowed	
  to	
  return	
  to	
  normal	
  chow	
  for	
  a	
  recovery	
  period	
  after	
  cuprizone	
  ingestion,	
  increases	
  

in	
  OL	
  proliferation	
  occur	
  quickly	
  with	
  recovery	
  on	
  normal	
  chow	
  there	
  is	
  significant	
  

remyelination	
  (Matsushima	
  and	
  Morell,	
  2001).	
  Alternatively,	
  when	
  mice	
  are	
  fed	
  cuprizone	
  for	
  a	
  

chronic	
  12	
  week	
  period,	
  there	
  is	
  substantial	
  myelin	
  loss	
  in	
  the	
  CC.	
  However,	
  returning	
  those	
  

mice	
  to	
  normal	
  chow	
  for	
  a	
  6	
  week	
  recovery	
  period	
  results	
  in	
  remyelination	
  that	
  is	
  limited	
  

compared	
  to	
  the	
  acute	
  recovery	
  time-­‐course	
  (Armstrong	
  et	
  al.,	
  2006;	
  Hibbits	
  et	
  al.,	
  2009).	
  After	
  

cuprizone	
  induced	
  chronic	
  demyelination,	
  it	
  has	
  been	
  shown	
  that	
  axons	
  remain	
  viable	
  and	
  can	
  

be	
  remyelinated	
  by	
  transplanted	
  OL	
  progenitor	
  cells	
  (Mason	
  et	
  al.,	
  2004).	
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Relative	
  abundance	
  of	
  different	
  cell	
  type	
  in	
  the	
  CC	
  

	
  	
  	
  	
  	
  	
  	
  	
  As	
  mentioned,	
  the	
  CC	
  is	
  an	
  important	
  area	
  for	
  studies	
  of	
  demyelination.	
  Targeting	
  of	
  the	
  CC	
  

with	
  demyelinating	
  models	
  like	
  cuprizone	
  can	
  help	
  uncover	
  mechanisms	
  underlying	
  MS	
  and	
  

other	
  demyelinating	
  diseases.	
  However,	
  it	
  is	
  important	
  to	
  note	
  that	
  OL	
  cells	
  are	
  not	
  the	
  only	
  cell	
  

type	
  found	
  within	
  the	
  CC.	
  Mature	
  oligodendrocytes	
  compromise	
  more	
  than	
  half	
  the	
  cells	
  found	
  

within	
  the	
  healthy	
  mouse	
  CC	
  (Mason	
  et	
  al.,	
  2000).	
  A	
  much	
  smaller	
  number	
  of	
  OL	
  progenitor	
  

cells,	
  compromising	
  around	
  5	
  percent	
  of	
  the	
  cell	
  population	
  of	
  the	
  healthy	
  mouse	
  CC,	
  is	
  also	
  

observable	
  (Mason	
  et	
  al.,	
  2000;	
  Armstrong	
  et	
  al.,	
  2006).	
  Other	
  cell	
  types	
  found	
  in	
  the	
  healthy	
  

mouse	
  CC	
  include	
  astrocytes,	
  accounting	
  for	
  approximately	
  20	
  percent	
  of	
  the	
  cell	
  density	
  as	
  

well	
  as	
  microglia,	
  making	
  up	
  around	
  2	
  percent	
  of	
  the	
  cell	
  density	
  in	
  the	
  healthy	
  mouse	
  CC	
  

(Mason	
  et	
  al.,	
  2000;	
  Steelman	
  et	
  al.,	
  2012).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Upon	
  cuprizone	
  intoxication,	
  the	
  cellular	
  density	
  of	
  the	
  CC	
  increases	
  in	
  mice	
  (Hiremath	
  et	
  

al.,	
  1998).	
  In	
  fact,	
  by	
  6	
  weeks	
  of	
  acute	
  cuprizone	
  demyelination,	
  the	
  number	
  of	
  cells	
  in	
  the	
  CC	
  

nearly	
  doubles	
  (Hiremath	
  et	
  al.,	
  1998).	
  This	
  increase	
  in	
  the	
  number	
  of	
  cells	
  in	
  the	
  mouse	
  CC	
  

occurs	
  despite	
  a	
  decrease	
  in	
  the	
  number	
  of	
  mature,	
  fully	
  myelinating	
  oligodendrocyte	
  cells	
  

(Hiremath	
  et	
  al.,	
  1998;	
  Mason	
  et	
  al.,	
  2000;	
  Armstrong	
  et	
  al.,	
  2006).	
  The	
  number	
  of	
  OL	
  

progenitor	
  cells	
  on	
  the	
  other	
  hand,	
  increases	
  nearly	
  30	
  fold	
  upon	
  acute	
  cuprizone	
  ingestion	
  

(Mason	
  et	
  al.,	
  2000;	
  Armstrong	
  et	
  al.,	
  2006).	
  The	
  density	
  of	
  microglia	
  cells	
  and	
  to	
  a	
  lesser	
  

degree	
  astrocytes	
  also	
  increase	
  in	
  response	
  to	
  cuprizone	
  demyelination	
  (Mason	
  et	
  al.,	
  2004;	
  

Steelman	
  et	
  al.,	
  2011).	
  The	
  cellular	
  density	
  of	
  the	
  CC	
  has	
  not	
  been	
  as	
  well	
  characterized	
  upon	
  

chronic	
  cuprizone	
  ingestion.	
  However,	
  there	
  is	
  no	
  continuation	
  of	
  increasing	
  cell	
  densities	
  with	
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continued	
  cuprizone	
  ingestion.	
  Rather,	
  the	
  cellular	
  response	
  seems	
  to	
  peak	
  or	
  plateau	
  around	
  6	
  

weeks	
  of	
  cuprizone	
  ingestion	
  (Mason	
  et	
  al.,	
  2004;	
  Xie	
  et	
  al.,	
  2010).	
  	
  	
  	
  	
  	
  	
  

Necessity	
  for	
  functional	
  CC	
  assays	
  in	
  rodents	
  

	
  	
  	
  	
  	
  	
  	
  	
  A	
  limitation	
  of	
  the	
  CC	
  as	
  a	
  model	
  of	
  demyelination	
  is	
  the	
  lack	
  of	
  accepted	
  functional	
  

measures	
  to	
  non-­‐invasively	
  monitor	
  the	
  effect	
  of	
  demyelination,	
  especially	
  for	
  longitudinal	
  

studies.	
  A	
  behavioral	
  assessment	
  that	
  correlates	
  with	
  demyelination	
  in	
  the	
  mouse	
  CC	
  would	
  

provide	
  insights	
  into	
  the	
  role	
  of	
  the	
  CC	
  in	
  rodents.	
  Moreover,	
  a	
  behavioral	
  assessment	
  of	
  CC	
  

function	
  would	
  facilitate	
  non-­‐invasive	
  evaluation	
  of	
  CC	
  demyelination	
  for	
  longitudinal	
  studies	
  

throughout	
  demyelination	
  and	
  remyelination.	
  Importantly,	
  a	
  behavioral	
  assay	
  correlating	
  with	
  

CC	
  pathology	
  is	
  necessary	
  to	
  quantify	
  deficits	
  during	
  acute	
  demyelination	
  and	
  to	
  subsequently	
  

test	
  strategies	
  to	
  promote	
  remyelination.	
  This	
  work	
  used	
  cuprizone	
  administration	
  to	
  test	
  two	
  

behavioral	
  measures	
  targeted	
  for	
  likely	
  involvement	
  of	
  the	
  CC,	
  a	
  bilateral	
  sensorimotor	
  running	
  

wheel	
  task	
  and	
  a	
  resident-­‐intruder	
  social	
  interaction	
  task.	
  	
  

Introduction	
  overview	
  

In	
   the	
   following	
   pages	
   cellular	
   to	
   systems	
   to	
   behavioral	
   analyses	
   will	
   be	
   used	
   to	
   examine	
  

potential	
   mechanisms	
   to	
   enhance	
   limited	
   repair	
   after	
   chronic	
   or	
   prolonged	
   demyelination.	
  

Apoptosis	
  will	
  be	
  shown	
  to	
  be	
  a	
  contributor	
  in	
  vivo	
  to	
  the	
  limited	
  repair	
  response	
  after	
  chronic	
  

demyelination.	
   Astrogliosis	
  will	
   be	
   characterized	
   as	
   occurring	
   to	
   the	
   extent	
   of	
   severe	
   diffuse	
  

reactive	
   astrogliosis	
   without	
   compact	
   glia	
   scar	
   formation.	
   Finally,	
   a	
   functional,	
   targeted	
   and	
  

non-­‐invasive	
  behavioral	
  assay	
  will	
  be	
  described	
  to	
  detect	
  demyelination	
  status	
  in	
  mice.	
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Chapter	
  II:	
  Overview	
  of	
  experimental	
  research	
  methods	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  methods	
  that	
  follow	
  are	
  a	
  summary	
  of	
  similar	
  methods	
  used	
  in	
  all	
  three	
  specific	
  aims	
  

addressed	
  of	
  this	
  work.	
  Detailed	
  methods	
  pertaining	
  to	
  each	
  aim	
  will	
  follow	
  in	
  the	
  results	
  

chapter	
  for	
  each	
  specific	
  aim.	
  	
  

Cuprizone	
  experimental	
  demyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  Unlike	
  other	
  models	
  of	
  demyelination,	
  cuprizone	
  ingestion	
  yields	
  highly	
  reproducible	
  

patterns	
  of	
  demyelination	
  specifically	
  in	
  the	
  mouse	
  CC	
  (Matsushima	
  and	
  Morell,	
  2001;	
  

Armstrong	
  et	
  al.,	
  2002).	
  This	
  pattern	
  of	
  demyelination	
  can	
  be	
  summarized	
  as	
  that	
  acute	
  

cuprizone	
  administration,	
  for	
  a	
  relatively	
  short,	
  6	
  week	
  time-­‐period	
  is	
  subsequently	
  followed	
  by	
  

spontaneous	
  remyelination	
  during	
  a	
  recovery	
  time-­‐period	
  on	
  normal	
  chow.	
  In	
  contrast,	
  

remyelination	
  becomes	
  limited	
  after	
  the	
  same	
  recovery	
  time-­‐period	
  following	
  chronic	
  

cuprizone	
  administration,	
  for	
  a	
  longer	
  12	
  week	
  time-­‐period	
  (Mason	
  et	
  al.,	
  2001;	
  Mason	
  et	
  al.,	
  

2004;	
  Armstrong	
  et	
  al.,	
  2006).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  All	
  the	
  specific	
  aims	
  in	
  this	
  work	
  utilize	
  cuprizone	
  ingestion	
  to	
  induce	
  demyelination.	
  The	
  

time-­‐courses	
  of	
  cuprizone	
  ingestion	
  examined	
  varied	
  slightly	
  between	
  specific	
  aims.	
  For	
  all	
  

three	
  specific	
  aims,	
  8	
  week	
  old	
  male	
  mice	
  were	
  started	
  on	
  0.2%	
  (w/w)	
  cuprizone	
  diet	
  (finely	
  

powdered	
  oxalic	
  bis	
  (cyclohexylidenehydrazide);	
  Sigma-­‐Aldrich,	
  Milwaukee,	
  WI)	
  mixed	
  into	
  

milled	
  chow	
  (Harland	
  Teklad,	
  Certified	
  LM-­‐485	
  code	
  7012CM).	
  Access	
  to	
  food	
  was	
  available	
  ad	
  

libitum.	
  Control	
  mice	
  were	
  treated	
  identically	
  as	
  mice	
  receiving	
  cuprizone,	
  but	
  were	
  fed	
  normal	
  

chow	
  without	
  cuprizone.	
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Tissue	
  preparation	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  all	
  three	
  specific	
  aims,	
  a	
  subset,	
  if	
  not	
  all	
  experimental	
  mice	
  were	
  intracardially	
  perfused	
  

with	
  4%	
  paraformaldehyde	
  (Sigma,	
  St.	
  Louis,	
  MO).	
  Brains	
  were	
  then	
  dissected	
  prior	
  to	
  post-­‐

fixation	
  in	
  4%	
  paraformaldehyde	
  at	
  4oC	
  overnight	
  (Redwine	
  and	
  Armstrong,	
  1998).	
  Tissue	
  from	
  

the	
  brains	
  was	
  then	
  cryoprotected	
  in	
  30%	
  sucrose	
  (Sigma,	
  St.	
  Louis,	
  MO)	
  at	
  4oC	
  overnight,	
  

embedded	
  in	
  Tissue	
  Tek	
  OCT	
  (Sakura,	
  Torrance,	
  CA)	
  and	
  stored	
  at	
  –80oC.	
  	
  For	
  analysis	
  with	
  in	
  

situ	
  hybridization,	
  histopathology	
  or	
  immunohistochemistry	
  coronal	
  brain	
  sections	
  were	
  cut	
  at	
  

15	
  µm	
  on	
  a	
  cryostat	
  and	
  mounted	
  onto	
  Superfrost	
  Plus	
  slides	
  (Fisher,	
  Pittsburgh,	
  PA).	
  	
  	
  

Immunohistochemistry	
  for	
  myelin	
  status	
  

	
  	
  	
  	
  	
  	
  	
  	
  MOG	
  is	
  a	
  late	
  marker	
  of	
  fully	
  mature	
  oligodendrocytes	
  (Coffey	
  and	
  McDermott,	
  1997).	
  Its	
  

expression	
  corresponds	
  with	
  both	
  Luxol	
  Fast	
  Blue	
  (LFB)	
  and	
  electron	
  microscopic	
  quantification	
  

of	
  myelination	
  better	
  than	
  the	
  expression	
  of	
  either	
  proteolipid	
  protein	
  (PLP)	
  or	
  MBP	
  (Lindner	
  et	
  

al.,	
  2008).	
  Both	
  PLP	
  and	
  MBP	
  are	
  markers	
  of	
  mature	
  oligodendrocytes,	
  but	
  are	
  observed	
  

temporally	
  earlier	
  than	
  MOG	
  expression.	
  LFB	
  staining	
  is	
  a	
  histological	
  stain	
  that	
  stains	
  myelin	
  a	
  

blue	
  color	
  and	
  is	
  easily	
  observable	
  with	
  light	
  microscopy.	
  LFB	
  staining	
  as	
  well	
  as	
  detection	
  of	
  

PLP,	
  MBP	
  and	
  MOG	
  have	
  all	
  been	
  proposed	
  as	
  measures	
  of	
  myelination	
  status	
  during	
  cuprizone	
  

ingestion	
  (Lindner	
  et	
  al.,	
  2008).	
  Yet,	
  the	
  most	
  reliable	
  measure	
  of	
  myelination	
  status	
  in	
  

response	
  to	
  demyelinating	
  insults	
  remains	
  electron	
  microscopy	
  (Lindner	
  et	
  al.,	
  2008).	
  Because	
  

MOG	
  immunostaining	
  in	
  our	
  lab	
  corresponds	
  well	
  with	
  previous	
  LFB	
  analyses,	
  as	
  well	
  as	
  

electron	
  microscopy	
  analyses,	
  MOG	
  can	
  be	
  used	
  as	
  an	
  indicator	
  of	
  myelination	
  status	
  during	
  

cuprizone	
  ingestion	
  (Armstrong	
  et	
  al.,	
  2006;	
  Hibbits	
  et	
  al.,	
  2009;	
  Xie	
  et	
  al.,	
  2010)..	
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In	
  all	
  three	
  specific	
  aims,	
  MOG	
  was	
  detected	
  with	
  the	
  monoclonal	
  antibody	
  8-­‐18C5	
  (Dr	
  Minettia	
  

Gardinier,	
  University	
  of	
  Iowa,	
  Iowa	
  City,	
  IA)	
  followed	
  by	
  incubation	
  with	
  donkey	
  anti-­‐mouse	
  IgG	
  

F(ab)2	
  conjugated	
  with	
  Cy3	
  (Jackson	
  Immunoresearch,	
  West	
  Grove,	
  PA)	
  (Armstrong	
  et	
  al.,	
  

2006).	
  CC	
  myelination	
  status	
  was	
  estimated	
  based	
  on	
  the	
  area	
  of	
  MOG	
  immunostaining	
  

quantified	
  in	
  coronal	
  sections	
  (Armstrong,	
  2006).	
  	
  	
  

Imaging	
  and	
  quantification	
  

	
  	
  	
  	
  	
  	
  	
  	
  Panel	
  images	
  presented	
  were	
  acquired	
  with	
  Spot2	
  software	
  from	
  a	
  digital	
  camera	
  

combined	
  with	
  an	
  IX-­‐70	
  inverted	
  microscope	
  (Olympus,	
  Melville,	
  NY).	
  The	
  panels	
  were	
  created	
  

using	
  Adobe	
  Photoshop	
  (Mountain	
  View,	
  CA).	
  	
  For	
  quantitative	
  CC	
  analyses	
  the	
  white	
  matter	
  of	
  

the	
  body	
  of	
  the	
  corpus	
  callosum	
  area	
  between	
  the	
  midline	
  and	
  extending	
  to	
  below	
  the	
  apex	
  of	
  

the	
  cingulum	
  on	
  each	
  side	
  was	
  used.	
  Quantification	
  of	
  myelination	
  of	
  this	
  corpus	
  callosal	
  area	
  

was	
  then	
  estimated	
  from	
  MOG	
  immunofluorescence,	
  which	
  was	
  detected	
  with	
  a	
  narrow	
  band	
  

pass	
  filter	
  for	
  Cy3	
  (Chroma	
  Technologies,	
  Brattleboro,	
  VT).	
  	
  To	
  normalize	
  pixel	
  intensity	
  values	
  

between	
  sections,	
  the	
  Metamorph	
  software	
  package	
  (Molecular	
  Devices	
  Corp.,	
  Downingtown,	
  

PA),	
  was	
  used.	
  With	
  this	
  software,	
  thresholding	
  was	
  performed	
  to	
  exclude	
  values	
  below	
  the	
  

level	
  of	
  MOG	
  immunoreactivity	
  in	
  the	
  dorsal	
  fornix,	
  which	
  is	
  found	
  just	
  inferior	
  to	
  the	
  CC	
  and	
  is	
  

not	
  demyelinated	
  by	
  cuprizone.	
  Percent	
  myelinated	
  area	
  was	
  therefore	
  estimated	
  based	
  on	
  

MOG	
  immunoreactivity	
  above	
  the	
  threshold	
  level.	
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Chapter	
  III:	
  Determination	
  of	
  the	
  in	
  vivo	
  contribution	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  apoptosis	
  on	
  limited	
  repair	
  after	
  chronic	
  demyelination	
  

Introduction/Rationale	
  

	
  	
  	
  	
  	
  	
  	
  	
  PDGF-­‐A	
  is	
  a	
  growth	
  factor	
  secreted	
  by	
  reactive	
  astrocytes	
  (Redwine	
  and	
  Armstrong,	
  1998)	
  

that	
  has	
  the	
  potential	
  to	
  act	
  as	
  a	
  survival	
  factor	
  during	
  OL	
  development	
  (Barres	
  et	
  al.,	
  1992b;	
  

Gard	
  et	
  al.,	
  1995;	
  Grinspan	
  and	
  Franceschini,	
  1995).	
  As	
  such,	
  the	
  expression	
  of	
  PDGF-­‐A	
  might	
  

help	
  regulate	
  the	
  survival	
  of	
  OL	
  cells	
  after	
  demyelination,	
  influencing	
  the	
  amount	
  of	
  apoptosis	
  

that	
  occurs.	
  The	
  PDGF-­‐A	
  ligand	
  is	
  also	
  of	
  interest	
  because	
  acute	
  experimental	
  demyelination	
  

activates	
  PDGFaR	
  signaling,	
  stimulating	
  OL	
  progenitor	
  proliferation	
  (Frost	
  et	
  al.,	
  2003;	
  Woodruff	
  

et	
  al.,	
  2004;	
  Murtie	
  et	
  al.,	
  2005b).	
  Prior	
  to	
  the	
  study	
  described	
  in	
  this	
  work,	
  the	
  PDGF-­‐A	
  

signaling	
  pathway	
  had	
  not	
  been	
  tested	
  in	
  the	
  context	
  of	
  chronic	
  demyelination	
  (Vana	
  et	
  al,	
  

2007),	
  in	
  which	
  promoting	
  OL	
  progenitor	
  proliferation	
  would	
  be	
  beneficial	
  for	
  improving	
  the	
  

repair	
  response.	
  Therefore,	
  as	
  part	
  of	
  an	
  experiment	
  to	
  determine	
  the	
  effect	
  of	
  the	
  PDGF-­‐A	
  

transgene	
  expression	
  on	
  the	
  capacity	
  of	
  OL	
  progenitor	
  cells	
  to	
  generate	
  mature	
  and	
  myelinating	
  

oligodendrocytes	
  in	
  chronically	
  demyelinated	
  lesions,	
  apoptosis	
  was	
  also	
  quantified.	
  

	
  	
  	
  	
  	
  	
  	
  	
  More	
  specifically,	
  cuprizone	
  was	
  used	
  to	
  induce	
  chronically	
  demyelinated	
  lesions	
  in	
  

transgenic	
  (tg)	
  mice	
  engineered	
  to	
  overexpress	
  hPDGF-­‐A,	
  which	
  is	
  the	
  human	
  PDGF-­‐A	
  gene	
  and	
  

is	
  under	
  control	
  of	
  the	
  astrocytic	
  GFAP	
  promoter	
  (Fruttiger	
  et	
  al.,	
  2000).	
  The	
  control	
  of	
  the	
  

human	
  transgene	
  by	
  GFAP	
  reflects	
  endogenous	
  PDGF-­‐A	
  expression	
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because	
  reactive	
  astrocytes,	
  expressing	
  GFAP	
  are	
  the	
  major	
  source	
  of	
  cellular	
  PDGF-­‐A	
  in	
  

demyelinated	
  lesions	
  (Redwine	
  and	
  Armstrong,	
  1998).	
  In	
  this	
  study,	
  mice,	
  transgenic	
  or	
  wild	
  

type	
  littermates	
  were	
  analyzed	
  during	
  both	
  acute	
  and	
  chronic	
  cuprizone	
  demyelination	
  as	
  well	
  

during	
  a	
  recovery	
  period	
  on	
  a	
  normal	
  chow.	
  In	
  addition	
  to	
  being	
  a	
  source	
  of	
  endogenous	
  PDGF-­‐

A,	
  reactive	
  astrocytes	
  are	
  a	
  potential	
  source	
  of	
  several	
  other	
  factors	
  that	
  could	
  influence	
  OL	
  

cells	
  (Silver	
  and	
  Miller,	
  2004;	
  Williams	
  et	
  al.,	
  2007;	
  Gallo	
  and	
  Armstrong,	
  2008;	
  Sofroniew	
  and	
  

Vinters,	
  2010).	
  

Materials	
  and	
  Methods	
  	
  	
  

Mice	
  

	
  	
  	
  	
  	
  	
  	
  	
  For	
  this	
  specific	
  aim,	
  mice	
  were	
  bred	
  and	
  maintained	
  in	
  the	
  Uniformed	
  Services	
  University	
  

of	
  the	
  Health	
  Sciences	
  (USUHS)	
  animal	
  housing	
  facility	
  in	
  accordance	
  with	
  guidelines	
  of	
  the	
  

National	
  Institutes	
  of	
  Health	
  and	
  the	
  USUHS	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee.	
  

Previous	
  reports	
  have	
  characterized	
  the	
  hPDGF-­‐A	
  tg	
  mouse	
  line	
  used	
  for	
  the	
  study	
  of	
  this	
  

specific	
  aim	
  (Fruttiger	
  et	
  al.,	
  2000;	
  van	
  Heyningen	
  et	
  al.,	
  2001;	
  Woodruff	
  et	
  al.,	
  2004).	
  Briefly,	
  

both	
  hPDGF-­‐A	
  tg	
  and	
  wild-­‐type	
  mice	
  were	
  generated	
  through	
  in	
  house	
  breeding	
  of	
  pairs	
  of	
  

hemizygous	
  hPDGF-­‐A	
  tg	
  mice	
  brought	
  up	
  on	
  a	
  C57Bl6/cba	
  hybrid	
  background.	
  Determination	
  of	
  

the	
  mouse	
  genotypes	
  were	
  established	
  with	
  tail	
  DNA	
  PCR,	
  which	
  has	
  also	
  been	
  described	
  

previously	
  (Fruttiger	
  et	
  al.,	
  2000).	
  This	
  study	
  used	
  heterozygous	
  hPDGF-­‐A	
  tg	
  mice	
  because	
  

homozygous	
  hPDGF-­‐A	
  tg	
  mice	
  exhibit	
  deformity	
  of	
  the	
  spinal	
  cord	
  (scoliosis)	
  and	
  die	
  within	
  the	
  

first	
  few	
  postnatal	
  weeks.	
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  In	
  contrast,	
  the	
  heterozygous	
  hPDGF-­‐A	
  tg	
  used	
  in	
  this	
  study	
  do	
  not	
  have	
  any	
  overt	
  CNS	
  

abnormalities.	
  	
  Furthermore,	
  the	
  hPDGF-­‐A	
  transgene	
  used	
  in	
  this	
  study	
  is	
  under	
  the	
  control	
  of	
  

the	
  mouse	
  GFAP	
  promoter	
  (Brenner	
  et	
  al.,	
  1994)	
  and	
  encodes	
  a	
  318	
  bp	
  “short”	
  diffusible	
  

alternative-­‐splice	
  isoform	
  of	
  the	
  human	
  PDGF-­‐A	
  gene	
  (Pollock	
  and	
  Richardson,	
  1992),	
  as	
  well	
  as	
  

a	
  myc	
  epitope	
  tag	
  fused	
  to	
  the	
  carboxy	
  terminus.	
  This	
  GFAP	
  promoter	
  driven	
  expression	
  of	
  the	
  

hPDGF-­‐A	
  transgene	
  construct	
  does	
  not	
  appear	
  to	
  generate	
  any	
  compensatory	
  response	
  in	
  

endogenous	
  mouse	
  PDGF-­‐A	
  gene	
  expression	
  (van	
  Heyningen	
  et	
  al.,	
  2001).	
  Moreover,	
  secretion	
  

of	
  the	
  hPDGF-­‐A	
  transgene	
  product	
  via	
  the	
  GFAP	
  promoter	
  has	
  been	
  indicated	
  in	
  previous	
  

studies	
  which	
  compared	
  this	
  transgene	
  construct	
  to	
  a	
  construct	
  driven	
  from	
  a	
  neuronal	
  

promoter	
  (Fruttiger	
  et	
  al.,	
  2000).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  neuronal	
  expression	
  of	
  the	
  hPDGF-­‐A	
  transgene	
  increases	
  OL	
  progenitor	
  numbers	
  near	
  

neuron	
  cell	
  bodies,	
  where	
  PDGF-­‐A	
  is	
  likely	
  to	
  be	
  secreted,	
  but	
  does	
  not	
  increase	
  OL	
  progenitor	
  

numbers	
  along	
  axons	
  which	
  do	
  not	
  have	
  a	
  mechanism	
  for	
  PDGF-­‐A	
  secretion	
  (Fruttiger	
  et	
  al.,	
  

2000).	
  In	
  comparison	
  to	
  the	
  neuronal	
  hPDGF-­‐A	
  construct,	
  expression	
  of	
  a	
  hPDGF-­‐A	
  transgene	
  

within	
  the	
  endoplasmic	
  reticulum	
  does	
  not	
  increase	
  the	
  OL	
  progenitor	
  number	
  (van	
  Heyningen	
  

et	
  al.,	
  2001).	
  Furthermore,	
  expression	
  of	
  the	
  hPDGF-­‐A	
  transgene	
  specifically	
  from	
  the	
  GFAP	
  

promoter	
  for	
  astrocytes	
  is	
  observable	
  in	
  both	
  the	
  developing	
  and	
  adult	
  CNS	
  of	
  hemizygous	
  

hPDGF-­‐A	
  tg	
  mice	
  (Fruttiger	
  et	
  al.,	
  1999;	
  Woodruff	
  et	
  al.,	
  2004).	
  Additionally,	
  increases	
  in	
  

hPDGF-­‐A	
  expression	
  occur	
  in	
  reactive	
  astrocytes	
  during	
  6	
  weeks	
  of	
  acute	
  cuprizone	
  induced	
  

demyelination	
  (Fruttiger	
  et	
  al.,	
  2000;	
  Woodruff	
  et	
  al.,	
  2004).	
  	
  

Cuprizone	
  Timeline	
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  To	
  induce	
  demyelination,	
  hPDGF-­‐A	
  tg	
  mice	
  and	
  wt	
  littermates	
  were	
  fed	
  cuprizone	
  as	
  

detailed	
  previously	
  (Chapter	
  II,	
  cuprizone	
  experimental	
  demyelination).	
  For	
  analysis	
  of	
  both	
  

acute	
  and	
  chronic	
  demyelination,	
  mice	
  were	
  sacrificed	
  after	
  3,	
  6,	
  9,	
  or	
  12	
  weeks	
  on	
  cuprizone.	
  

To	
  assess	
  recovery	
  from	
  chronic	
  cuprizone	
  induced	
  demyelination,	
  mice	
  were	
  continuously	
  fed	
  

cuprizone	
  for	
  12	
  weeks	
  then	
  sacrificed	
  after	
  being	
  returned	
  to	
  normal	
  chow	
  for	
  a	
  6	
  week	
  

recovery	
  period.	
  	
  	
  

In	
  situ	
  hybridizations	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  situ	
  hybridization	
  was	
  performed	
  with	
  methods	
  previously	
  detailed	
  (Messersmith	
  et	
  al.,	
  

2000;	
  Armstrong	
  et	
  al.,	
  2002)	
  using	
  a	
  riboprobe	
  for	
  PDGRαR	
  (Redwine	
  and	
  Armstrong,	
  1998).	
  

The	
  PDGRαR	
  riboprobe	
  was	
  labeled	
  with	
  digoxigenin	
  and	
  hybridized	
  to	
  coronal	
  brain	
  sections.	
  

The	
  digoxigenin	
  labeling	
  was	
  detected	
  with	
  an	
  alkaline	
  phosphatase-­‐conjugated	
  sheep	
  anti-­‐

digoxigenin	
  antibody	
  (Roche,	
  Indianapolis,	
  IN),	
  and	
  a	
  subsequent	
  reaction	
  with	
  NBT/BCIP	
  

substrate	
  (DAKO,	
  Carpinteria,	
  CA).	
  	
  

Apoptosis	
  

	
  	
  	
  	
  	
  	
  	
  	
  Apoptosis	
  was	
  assessed	
  using	
  a	
  TUNEL	
  assay	
  (ApopTag	
  in	
  situ	
  apoptosis	
  detection	
  kit;	
  

Intergen,	
  Purchase,	
  NY)	
  with	
  slight	
  modifications.	
  Briefly,	
  the	
  3’-­‐OH	
  DNA	
  ends,	
  generated	
  via	
  

DNA	
  fragmentation	
  and	
  typically	
  observed	
  with	
  in	
  cells	
  undergoing	
  apoptosis,	
  were	
  labeled	
  

with	
  digoxigenin-­‐dUTP	
  using	
  terminal	
  deoxynucleotidyl	
  transferase	
  (TdT).	
  	
  After	
  labeling,	
  the	
  

digoxigenin	
  tagged	
  3’-­‐OH	
  DNA	
  end	
  were	
  detected	
  with	
  an	
  anti-­‐digoxigenin	
  antibody	
  conjugated	
  

with	
  peroxidase	
  or	
  fluorescein.	
  The	
  peroxidase	
  labeling	
  was	
  detected	
  with	
  DAB	
  substrate	
  

(Vector	
  Labs,	
  Burlingame,	
  CA),	
  yielding	
  a	
  dark	
  brown	
  reaction	
  product.	
  As	
  a	
  nuclei	
  stain,	
  



28	
  
	
  

	
  
	
  

sections	
  were	
  also	
  counterstained	
  with	
  methyl	
  green	
  (Vector	
  Labs,	
  Burlingame,	
  CA).	
  PDGFaR	
  in	
  

situ	
  hybridization	
  (see	
  above)	
  was	
  also	
  performed	
  prior	
  to	
  ApopTag	
  with	
  DAB.	
  To	
  identify	
  cells	
  

at	
  stages	
  throughout	
  the	
  OL	
  immunostaining	
  for	
  Olig2	
  (1:200;	
  Chemicon,	
  Temecula,	
  CA)	
  was	
  

performed	
  (Ligon	
  et	
  al.,	
  2006)	
  in	
  combination	
  with	
  fluorescein	
  detection	
  of	
  ApopTag.	
  For	
  

control	
  comparisons	
  of	
  apoptosis	
  in	
  wild-­‐type	
  littermates	
  of	
  hPDGF-­‐A	
  heterozygous	
  mice,	
  male	
  

C57Bl/6	
  mice	
  were	
  purchased	
  from	
  Jackson	
  Labs.	
  	
  	
  

Quantification	
  and	
  statistical	
  analysis 	
  

	
  	
  	
  	
  	
  	
  	
  	
  For	
  analysis	
  between	
  categories,	
  three	
  or	
  more	
  tissue	
  sections	
  per	
  mouse	
  and	
  three	
  or	
  

more	
  mice	
  per	
  condition	
  were	
  examined.	
  	
  The	
  number	
  of	
  mice	
  per	
  condition	
  is	
  represented	
  

with	
  “n”.	
  	
  For	
  comparison	
  of	
  cuprizone	
  treatment	
  effect	
  between	
  genotypes,	
  an	
  unpaired	
  

Student’s	
  t-­‐test	
  was	
  used.	
  	
  A	
  one-­‐way	
  analysis	
  of	
  variance	
  (ANOVA)	
  followed	
  with	
  a	
  post	
  hoc	
  

Tukey’s	
  multiple	
  comparison	
  was	
  used	
  to	
  determine	
  significant	
  differences	
  among	
  stages	
  of	
  

demyelination.	
  	
  A	
  two-­‐way	
  ANOVA	
  was	
  used	
  to	
  determine	
  the	
  significance	
  of	
  mouse	
  genotype	
  

effect	
  across	
  multiple	
  treatment	
  conditions.	
  	
  

Results	
  

During	
  recovery	
  from	
  chronic	
  demyelination,	
  apoptosis	
  is	
  reduced	
  in	
  hPDGF-­‐A	
  tg	
  mice	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  in	
  vivo	
  contribution	
  of	
  apoptosis	
  on	
  limited	
  repair	
  after	
  chronic	
  demyelination	
  was	
  

determined	
  as	
  part	
  of	
  a	
  larger	
  study	
  assessing	
  the	
  effect	
  of	
  the	
  overexpression	
  of	
  PDGF-­‐A	
  in	
  

hPDGF-­‐A	
  tg	
  mice.	
  The	
  aim	
  of	
  this	
  over-­‐arching	
  study	
  was	
  to	
  establish	
  the	
  potential	
  of	
  

endogenous	
  OL	
  progenitor	
  cells	
  to	
  generate	
  mature	
  myelinating	
  oligodendrocytes	
  in	
  the	
  

context	
  of	
  chronic	
  demyelination.	
  To	
  induce	
  chronically	
  demyelinated	
  lesions,	
  cuprizone	
  was	
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used.	
  Furthermore,	
  after	
  12	
  weeks	
  of	
  continuous	
  chronic	
  cuprizone	
  ingestion	
  mice	
  were	
  

returned	
  to	
  normal	
  chow	
  for	
  a	
  6	
  week	
  recovery	
  period.	
  During	
  the	
  cuprizone	
  time-­‐course	
  mice	
  

were	
  sacrificed	
  at	
  intervals	
  for	
  tissue	
  analysis.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Overall	
  this	
  study	
  demonstrates	
  improved	
  OL	
  repopulation	
  as	
  well	
  as	
  remyelination	
  in	
  

hPDGF-­‐A	
  tg	
  mice	
  compared	
  to	
  wild-­‐type	
  mice	
  after	
  recovery	
  from	
  chronic	
  cuprizone	
  ingestion	
  

(Vana	
  et	
  al,	
  2007).	
  However,	
  these	
  effects	
  are	
  not	
  attributable	
  to	
  increased	
  OL	
  progenitor	
  

proliferation,	
  which	
  was	
  the	
  expected	
  mechanism,	
  based	
  on	
  previous	
  reports	
  of	
  the	
  effect	
  of	
  

PDGF-­‐A	
  overexpression	
  in	
  hPDGF-­‐A	
  tg	
  in	
  acute	
  demyelination	
  (Woodruff	
  et	
  al.,	
  2004).	
  The	
  

beneficial	
  effect	
  of	
  PDGF-­‐A	
  overexpression	
  on	
  remyelination	
  must	
  therefore	
  come	
  from	
  

another	
  cellular	
  property	
  rather	
  than	
  an	
  effect	
  on	
  OL	
  proliferation.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Survival	
  is	
  another	
  cellular	
  property	
  that	
  has	
  the	
  potential	
  to	
  regulate	
  the	
  OL	
  progenitor	
  

response	
  in	
  the	
  context	
  of	
  remyelination.	
  Therefore,	
  differences	
  in	
  the	
  amount	
  of	
  cell	
  death	
  are	
  

examined	
  using	
  a	
  modified	
  TUNEL	
  assay	
  (Figure	
  1).	
  In	
  the	
  absence	
  of	
  cuprizone	
  treatment,	
  low	
  

levels	
  of	
  TUNEL+	
  cells	
  are	
  observed	
  in	
  8-­‐week	
  old	
  mice	
  of	
  either	
  genotype.	
  After	
  3	
  weeks	
  of	
  

cuprizone	
  ingestion,	
  similar	
  oligodendrocyte	
  cell	
  loss	
  is	
  observed	
  in	
  hPDGF-­‐A	
  tg	
  and	
  wild-­‐type	
  

mice	
  (Vana	
  et	
  al,	
  2007).	
  Correspondingly,	
  the	
  amount	
  of	
  apoptosis	
  at	
  3	
  weeks	
  of	
  cuprizone	
  

treatment	
  is	
  analogous	
  between	
  mice	
  of	
  both	
  genotypes	
  (Figure	
  1	
  A,	
  B).	
  In	
  contrast,	
  after	
  6	
  

weeks	
  of	
  acute	
  cuprizone	
  ingestion,	
  the	
  hPDGF-­‐A	
  tg	
  mice	
  have	
  a	
  larger	
  number	
  of	
  TUNEL+	
  cells	
  

compared	
  to	
  the	
  wild-­‐type	
  mice	
  (Figure	
  1	
  A,	
  B).	
  By	
  12	
  weeks	
  of	
  chronic	
  cuprizone	
  ingestion,	
  the	
  

amount	
  of	
  apoptosis	
  is	
  not	
  different	
  between	
  mice	
  from	
  each	
  genotype	
  (Figure	
  1	
  A,	
  B).	
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A	
  representative	
  coronal	
  section	
  from	
  a	
  wild	
  type	
  mouse	
  treated	
  with	
  cuprizone	
  for	
  12	
  weeks	
  

followed	
  by	
  a	
  6	
  week	
  recovery	
  period	
  on	
  normal	
  chow	
  exemplifies	
  the	
  CC	
  area	
  examined	
  in	
  this	
  

analysis	
  compared	
  to	
  the	
  adjacent	
  cg	
  (Figure	
  1C).	
  TUNEL+	
  apoptotic	
  cells	
  are	
  seen	
  in	
  brown	
  and	
  

co-­‐localize	
  with	
  nuclei	
  stained	
  with	
  methyl	
  green	
  (Figure	
  1C	
  inset).	
  To	
  identify	
  whether	
  

oligodendrocyte	
  lineage	
  cells	
  undergo	
  apoptosis	
  Olig2	
  was	
  detected	
  using	
  

immunohistochemistry	
  (Figure	
  1D,	
  F	
  red).	
  Co-­‐labeling	
  with	
  TUNEL+	
  cells	
  detected	
  using	
  a	
  

flourescin	
  tag	
  (Figure	
  1E)	
  indicates	
  that	
  some	
  apoptotic	
  cells	
  in	
  the	
  CC	
  of	
  cuprizone	
  treated	
  mice	
  

are	
  of	
  the	
  oligodendrocyte	
  cell	
  lineage	
  (Figure	
  1F).	
  Furthermore,	
  TUNEL+	
  apoptotic	
  cells	
  are	
  

also	
  observed	
  after	
  6	
  weeks	
  of	
  cuprizone	
  ingestion	
  in	
  the	
  mouse	
  CC	
  (Figure	
  1G,	
  brown).	
  PDGFaR	
  

mRNA	
  in	
  situ	
  hybridization	
  in	
  that	
  same	
  section	
  shows	
  that	
  oligodendrocyte	
  progenitors	
  are	
  

abundant	
  in	
  the	
  mouse	
  CC	
  after	
  6	
  weeks	
  of	
  cuprizone	
  ingestion.	
  Moreover,	
  there	
  is	
  little	
  co-­‐

localization	
  of	
  TUNEL+	
  cells	
  and	
  PDGFaR	
  in	
  situ	
  hybridization	
  (Figure	
  1H),	
  though	
  each	
  is	
  

observable	
  independently	
  at	
  this	
  cuprizone	
  ingestion	
  time-­‐point.	
  In	
  contrast,	
  during	
  the	
  

recovery	
  period	
  after	
  12	
  weeks	
  of	
  chronic	
  cuprizone	
  ingestion,	
  there	
  is	
  some	
  co-­‐labeling	
  of	
  

TUNEL+	
  cells	
  and	
  PDGFaR	
  in	
  situ	
  hybridization	
  (Figure	
  1I).	
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Figure	
  1.	
  During	
  recovery	
  from	
  chronic	
  demyelination,	
  apoptosis	
  is	
  reduced	
  in	
  hPDGF-­‐A	
  tg	
  

mice.	
  	
  A,	
  B:	
  Quantification	
  of	
  the	
  density	
  of	
  apoptotic	
  cells,	
  identified	
  by	
  modified	
  TUNEL	
  assay,	
  

in	
  the	
  corpus	
  callosum	
  of	
  wild-­‐type	
  (A)	
  and	
  hPDGF-­‐A	
  transgenic	
  (tg)	
  mice	
  (B).	
  White	
  bars	
  

indicate	
  no	
  cuprizone	
  treatment.	
  Gray	
  bars	
  indicate	
  perfusion	
  after	
  3	
  or	
  6	
  weeks	
  of	
  cuprizone	
  

treatment.	
  Black	
  bars	
  indicate	
  perfusion	
  after	
  12	
  weeks	
  of	
  continuous	
  cuprizone	
  feeding,	
  or	
  12	
  

weeks	
  of	
  cuprizone	
  followed	
  by	
  6	
  weeks	
  on	
  normal	
  chow.	
  During	
  cuprizone	
  treatment	
  of	
  both	
  

wild-­‐type	
  and	
  hPDGF-­‐A	
  tg	
  mice,	
  the	
  density	
  of	
  apoptotic	
  cells	
  is	
  significantly	
  increased	
  from	
  

normal	
  levels	
  (*	
  p	
  <	
  0.05	
  compared	
  to	
  no	
  cup;	
  one-­‐way	
  ANOVA	
  within	
  each	
  genotype).	
  With	
  6	
  

weeks	
  of	
  cuprizone	
  treatment,	
  TUNEL	
  labeling	
  in	
  the	
  hPDGF-­‐A	
  tg	
  mice	
  is	
  significantly	
  increased	
  

from	
  the	
  wild-­‐type	
  mice	
  (#	
  p	
  <	
  0.05	
  for	
  hPDGF-­‐A	
  tg	
  6	
  wk	
  cup	
  compared	
  to	
  wild-­‐type	
  6	
  wk	
  cup;	
  

two-­‐way	
  ANOVA	
  for	
  genotype	
  and	
  treatment).	
  Elevated	
  apoptosis	
  values	
  continued	
  after	
  

removal	
  of	
  cuprizone	
  from	
  the	
  diet	
  of	
  wild-­‐type	
  mice	
  (*	
  p	
  <	
  0.05	
  compared	
  to	
  no	
  cup).	
  While	
  

apoptosis	
  remains	
  elevated	
  somewhat	
  during	
  recovery	
  in	
  hPDGF-­‐A	
  tg	
  mice,	
  the	
  values	
  are	
  no	
  

longer	
  significantly	
  above	
  those	
  in	
  non-­‐treated	
  hPDGF-­‐A	
  tg	
  mice.	
  Further,	
  apoptosis	
  in	
  the	
  

hPDGF-­‐A	
  tg	
  mice	
  is	
  significantly	
  decreased	
  from	
  the	
  wild-­‐type	
  mice	
  (+	
  p	
  <	
  0.05	
  for	
  hPDGF-­‐A	
  tg	
  

12	
  wk	
  cup	
  6	
  wk	
  off	
  compared	
  to	
  wild-­‐type	
  12	
  wk	
  cup	
  6	
  wk	
  off;	
  two-­‐way	
  ANOVA	
  for	
  genotype	
  

and	
  treatment).	
  All	
  statistical	
  analyses	
  are	
  based	
  on	
  a	
  sample	
  size	
  of	
  3-­‐5	
  mice	
  per	
  condition.	
  C:	
  

Representative	
  coronal	
  section	
  showing	
  the	
  corpus	
  callosum	
  (cc,	
  double	
  arrow	
  along	
  midline;	
  

cg	
  =	
  cingulum)	
  in	
  a	
  wild-­‐type	
  mouse	
  treated	
  with	
  cuprizone	
  for	
  12	
  weeks	
  followed	
  by	
  a	
  6	
  week	
  

period	
  for	
  recovery.	
  TUNEL	
  (brown)	
  signal	
  is	
  present	
  in	
  individual	
  cells	
  distributed	
  throughout	
  

the	
  corpus	
  callosum	
  and	
  in	
  groups	
  of	
  cells	
  aligned	
  as	
  is	
  characteristic	
  of	
  interfascicular	
  

oligodendrocytes	
  (single	
  arrows	
  and	
  inset).	
  Nuclei	
  stained	
  with	
  methyl	
  green.	
  Scale	
  bars	
  =	
  250	
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um	
  and	
  10	
  um.	
  D-­‐F:	
  Immunostaining	
  for	
  Olig2	
  (D,	
  and	
  red	
  in	
  F)	
  to	
  identify	
  oligodendrocyte	
  

lineage	
  cells	
  in	
  combination	
  with	
  TUNEL	
  (E,	
  and	
  green	
  in	
  F)	
  within	
  the	
  corpus	
  callosum	
  in	
  a	
  wild-­‐

type	
  mouse	
  treated	
  with	
  cuprizone	
  for	
  12	
  weeks	
  followed	
  by	
  a	
  6-­‐week	
  period	
  for	
  recovery.	
  

Scale	
  bar	
  for	
  D-­‐F	
  shown	
  in	
  F	
  is	
  10	
  um.	
  G-­‐H:	
  Representative	
  coronal	
  sections	
  showing	
  PDGFαR	
  

mRNA	
  in	
  situ	
  hybridization	
  (blue/black	
  cytoplasm)	
  and	
  TUNEL	
  labeling	
  (brown	
  nuclei)	
  in	
  the	
  

corpus	
  callosum	
  (G:	
  cc=	
  corpus	
  callosum,	
  double	
  arrow	
  along	
  cc	
  midline).	
  G:	
  After	
  6	
  weeks	
  of	
  

cuprizone	
  treatment,	
  hPDGF-­‐A	
  tg	
  mice	
  show	
  OP	
  amplification.	
  TUNEL	
  labeling	
  is	
  high	
  but	
  does	
  

not	
  co-­‐localize	
  with	
  PDGFaR	
  expression,	
  as	
  expected	
  for	
  apoptosis	
  of	
  mature	
  oligodendrocytes	
  

ongoing	
  cuprizone	
  treatment.	
  Scale	
  bar	
  =	
  200	
  um.	
  H,	
  I:	
  During	
  recovery	
  after	
  12	
  weeks	
  of	
  

cuprizone	
  treatment,	
  TUNEL	
  and	
  PDGFaR	
  mRNA	
  transcripts	
  can	
  be	
  detected	
  separately	
  (H;	
  

wild-­‐type	
  mouse)	
  and	
  co-­‐localization	
  is	
  also	
  observed	
  (I;	
  wild-­‐type	
  mouse).	
  Scale	
  bars	
  for	
  H	
  and	
  

I	
  are	
  10	
  um.	
  Figure	
  from	
  (Vana	
  et	
  al.,	
  2007).	
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  After	
  12	
  weeks	
  of	
  continuous	
  cuprizone	
  ingestion,	
  apoptosis	
  continues	
  during	
  the	
  6-­‐week	
  

recovery	
  period	
  on	
  normal	
  chow.	
  During	
  this	
  recovery	
  period	
  after	
  chronic	
  demyelination,	
  

significantly	
  fewer	
  apoptotic	
  cells	
  were	
  present	
  in	
  the	
  corpus	
  callosum	
  of	
  hPDGF-­‐A	
  tg	
  mice	
  

compared	
  to	
  wild-­‐type	
  mice	
  (Figure	
  1	
  A,	
  B).	
  The	
  apoptotic	
  cells	
  identified	
  include	
  some	
  cells	
  

within	
  rows	
  of	
  cells	
  aligned	
  longitudinally	
  between	
  axons,	
  which	
  are	
  a	
  characteristic	
  of	
  

interfascicular	
  oligodendrocytes	
  (Figure	
  1	
  C).	
  Furthermore,	
  Olig2	
  immunostaining,	
  an	
  indicator	
  

of	
  immature	
  through	
  mature	
  stages	
  of	
  the	
  OL	
  identifies	
  some	
  TUNEL+	
  cells	
  (Figure	
  1	
  D-­‐F).	
  

Additionally,	
  some	
  of	
  the	
  TUNEL+	
  cells	
  express	
  PDGFaR	
  (Figure	
  1	
  I),	
  indicating	
  an	
  OL	
  progenitor	
  

phenotype	
  as	
  well	
  as	
  potential	
  regulation	
  by	
  PDGF-­‐A	
  ligand	
  levels.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  These	
  results	
  show	
  that	
  apoptosis	
  decreases	
  after	
  recovery	
  from	
  chronic	
  demyelination	
  in	
  

mice	
  overexpressing	
  PDGF-­‐A.	
  Furthermore,	
  they	
  suggest	
  that	
  OL	
  cells	
  are	
  at	
  least	
  partially	
  

targeted	
  by	
  the	
  continued	
  apoptosis	
  observed	
  after	
  recovery	
  from	
  chronic	
  demyelination.	
  

Moreover,	
  PDGF-­‐A	
  could	
  promote	
  cell	
  survival	
  during	
  the	
  recovery	
  phase	
  from	
  chronic	
  

demyelination,	
  which	
  associates	
  well	
  with	
  a	
  previously	
  suggested	
  role	
  for	
  PDGF-­‐A	
  in	
  the	
  

prevention	
  of	
  oligodendrocyte	
  apoptosis	
  during	
  developmental	
  myelination	
  (Barres	
  et	
  al.,	
  

1992a).	
  

	
  	
  	
  	
  	
  	
  	
  	
  Additional	
  TUNEL	
  analyses	
  were	
  conducted	
  to	
  test	
  if	
  the	
  continuation	
  of	
  increased	
  levels	
  of	
  

apoptosis	
  observed	
  in	
  wild-­‐type	
  littermates	
  of	
  hPDGF-­‐A	
  tg	
  mice	
  could	
  be	
  an	
  effect	
  of	
  the	
  

C57Bl6/cba	
  hybrid	
  background.	
  For	
  these	
  analyses,	
  the	
  TUNEL	
  procedure	
  was	
  performed	
  on	
  

C57Bl/6	
  mice	
  from	
  Jackson	
  Laboratories,	
  the	
  most	
  commonly	
  used	
  mouse	
  strain	
  for	
  cuprizone	
  

treatment.	
  These	
  analyses	
  showed	
  that	
  high	
  levels	
  of	
  TUNEL+	
  cells	
  are	
  present	
  in	
  the	
  CC	
  of	
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C57Bl/6	
  mice	
  during	
  the	
  recovery	
  period	
  following	
  12	
  weeks	
  of	
  chronic	
  cuprizone	
  ingestion	
  

(Vana	
  et	
  al	
  2007).	
  Therefore,	
  the	
  continuation	
  of	
  high	
  levels	
  of	
  apoptosis	
  during	
  recovery	
  from	
  

chronic	
  demyelination	
  is	
  not	
  a	
  genetic	
  background	
  effect	
  and	
  could	
  play	
  a	
  part	
  in	
  creating	
  the	
  

limited	
  repair	
  observed	
  after	
  chronic	
  cuprizone	
  induced	
  demyelination.	
  	
  

Apoptosis	
  during	
  chronic	
  demyelination	
  and	
  recovery	
  from	
  chronic	
  demyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  this	
  work,	
  cuprizone	
  demyelination	
  increased	
  the	
  amount	
  of	
  observed	
  apoptosis	
  as	
  

detected	
  by	
  TUNEL	
  staining	
  (Vana	
  et	
  al.	
  2007	
  and	
  Figure	
  1).	
  After	
  12	
  weeks	
  of	
  chronic	
  cuprizone	
  

ingestion,	
  increases	
  in	
  the	
  amount	
  of	
  apoptosis	
  were	
  still	
  apparent	
  and	
  continued	
  even	
  after	
  

removal	
  of	
  cuprizone	
  for	
  a	
  6	
  week	
  recovery	
  period	
  (Figure	
  1).	
  Furthermore,	
  the	
  identification	
  of	
  

some	
  apoptotic	
  cells	
  as	
  OL	
  cells	
  (Figure	
  1)	
  indicates	
  that	
  OL	
  cells	
  can	
  be	
  depleted	
  via	
  apoptosis	
  

in	
  this	
  paradigm.	
  This	
  suggests	
  that	
  ongoing	
  apoptosis	
  in	
  the	
  context	
  of	
  chronic	
  demyelination	
  

at	
  least	
  partially	
  contributes	
  to	
  depletion	
  of	
  the	
  OL	
  progenitor	
  pool,	
  which	
  has	
  been	
  reported	
  

following	
  chronic	
  demyelination	
  (Armstrong	
  et	
  al.,	
  2002;	
  Mason	
  et	
  al.,	
  2004;	
  Armstrong	
  et	
  al.,	
  

2006;	
  Vana	
  et	
  al.,	
  2007;	
  Xie	
  et	
  al.,	
  2010).	
  Depletion	
  of	
  the	
  OL	
  progenitor	
  pool	
  directly	
  affects	
  the	
  

capacity	
  for	
  remyelination,	
  as	
  endogenous	
  OL	
  progenitor	
  cells	
  are	
  the	
  major	
  source	
  of	
  

myelinating	
  cells	
  in	
  the	
  adult	
  brain	
  (Chang	
  et	
  al.,	
  2002;	
  Murtie	
  et	
  al.,	
  2005b;	
  Gallo	
  and	
  

Armstrong,	
  2008;	
  Moore	
  et	
  al.,	
  2011).	
  Moreover,	
  these	
  results	
  show	
  that	
  apoptosis	
  is	
  a	
  factor	
  

contributing	
  to	
  limited	
  remyelination	
  following	
  chronic	
  demyelination	
  as	
  apoptosis	
  is	
  rare	
  after	
  

a	
  normal	
  chow	
  diet	
  (Mason	
  et	
  al.,	
  2001;	
  Armstrong	
  et	
  al.,	
  2002)	
  and	
  Figure	
  1.	
  

	
  	
  	
  	
  	
  	
  	
  	
  Additionally,	
  supply	
  of	
  hPDGF-­‐A	
  improves	
  cell	
  survival	
  by	
  reducing	
  apoptosis	
  during	
  the	
  

recovery	
  time-­‐period	
  following	
  chronic	
  demyelination,	
  contributing	
  to	
  enhanced	
  remyelination	
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in	
  corpus	
  callosum	
  lesions.	
  It	
  has	
  been	
  shown	
  that	
  during	
  OL	
  development	
  PDGF-­‐A	
  might	
  act	
  as	
  

a	
  survival	
  factor	
  (Barres	
  et	
  al.,	
  1992b;	
  Gard	
  et	
  al.,	
  1995;	
  Grinspan	
  and	
  Franceschini,	
  1995)	
  and	
  

that	
  the	
  survival	
  of	
  newly	
  generated	
  OL	
  cells	
  is	
  enhanced	
  by	
  the	
  PDGF-­‐A	
  ligand	
  (Barres	
  et	
  al.,	
  

1992b).	
  In	
  that	
  model,	
  supported	
  by	
  this	
  work,	
  it	
  is	
  only	
  after	
  maturation	
  that	
  new	
  OL	
  cells	
  

become	
  vulnerable	
  to	
  the	
  effects	
  of	
  cuprizone	
  and	
  endure	
  apoptosis.	
  This	
  effect	
  of	
  PDGF-­‐A	
  on	
  

survival	
  of	
  new	
  OL	
  cells	
  rather	
  than	
  mature	
  OL	
  cells	
  is	
  suggested	
  by	
  the	
  fact	
  that	
  during	
  acute	
  

cuprizone	
  ingestion,	
  there	
  is	
  a	
  lack	
  of	
  protection	
  for	
  mature	
  myelinating	
  oligodendrocytes	
  in	
  

hPDGF-­‐A	
  tg	
  mice	
  (Vana	
  et	
  al.	
  2007).	
  Overall	
  these	
  results	
  suggest	
  that	
  the	
  environment	
  

generated	
  by	
  chronic	
  demyelination	
  might	
  not	
  give	
  substantial	
  support	
  for	
  the	
  survival	
  of	
  OL	
  

cells,	
  which	
  could	
  therefore	
  contribute	
  to	
  the	
  limited	
  capacity	
  for	
  remyelination	
  observed	
  after	
  

chronic	
  demyelination.	
  	
  

Importance	
  of	
  astrocytes	
  in	
  regulation	
  of	
  remyelination	
  potential	
  

	
  	
  	
  	
  	
  	
  	
  	
  Also	
  in	
  this	
  work,	
  the	
  hPDGF-­‐A	
  transgene	
  expression	
  is	
  under	
  control	
  of	
  GFAP	
  promoter	
  

(Fruttiger	
  et	
  al.,	
  2000),	
  which	
  restricts	
  overexpression	
  to	
  astrocytic	
  cells	
  (Vana	
  et	
  al.	
  2007).	
  This	
  

selective	
  expression	
  of	
  PDGF-­‐A	
  is	
  meant	
  to	
  reflect	
  the	
  endogenous	
  source	
  of	
  PDGF-­‐A	
  ,	
  which	
  is	
  

primarily	
  from	
  reactive	
  astrocytes	
  (Redwine	
  and	
  Armstrong,	
  1998;	
  Hinks	
  and	
  Franklin,	
  1999;	
  

Frost	
  et	
  al.,	
  2003).	
  Furthermore,	
  a	
  reactive	
  astrocytic	
  response	
  with	
  subsequent	
  PDGF-­‐A	
  is	
  

associated	
  with	
  demyelinated	
  lesions	
  (Redwine	
  and	
  Armstrong,	
  1998;	
  Hinks	
  and	
  Franklin,	
  1999;	
  

Fruttiger	
  et	
  al.,	
  2000;	
  Frost	
  et	
  al.,	
  2003).	
  Moreover,	
  astrocytic	
  overexpression	
  of	
  the	
  hPDGF	
  tg	
  

might	
  correspond	
  with	
  appropriate	
  ECM	
  modulation	
  of	
  PDGF-­‐A	
  through	
  factors	
  like	
  tenascin-­‐C	
  

(Garwood	
  et	
  al.,	
  2004).	
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Chapter	
  IV:	
  Characterization	
  of	
  the	
  astroglial	
  response	
  in	
  acute	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  chronic	
  corpus	
  callosum	
  demyelination	
  relative	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  to	
  the	
  oligodendroglial	
  lineage	
  	
  

Introduction/Rationale	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  term	
  astrogliosis	
  has	
  been	
  traditionally	
  used	
  as	
  an	
  umbrella	
  term	
  denoting	
  any	
  

astroglial	
  activity.	
  	
  In	
  contrast	
  to	
  this	
  traditional	
  definition	
  of	
  astrogliosis,	
  many	
  researchers	
  now	
  

realize	
  the	
  need	
  to	
  define	
  astrogliosis	
  as	
  more	
  of	
  a	
  continuum	
  of	
  gradual	
  changes	
  in	
  astrocyte	
  

morphology	
  and	
  phenotype	
  expression	
  as	
  opposed	
  to	
  an	
  all-­‐or-­‐none	
  response	
  (Sofroniew	
  and	
  

Vinters,	
  2010).	
  With	
  this	
  emerging	
  definition	
  of	
  astrogliosis,	
  different	
  stages	
  along	
  the	
  astroglial	
  

reactivity	
  continuum	
  have	
  the	
  potential	
  to	
  exert	
  different	
  effects	
  on	
  the	
  OL	
  response	
  in	
  the	
  

context	
  of	
  demyelination.	
  Characterizing	
  the	
  extent	
  of	
  the	
  astroglial	
  response	
  in	
  acute	
  and	
  

chronic	
  demyelination	
  should	
  help	
  delineate	
  the	
  effect	
  that	
  astroglial	
  activation	
  has	
  on	
  the	
  OL	
  

response.	
  Furthermore,	
  astrocytes	
  are	
  a	
  source	
  of	
  both	
  endogenous	
  inhibitory	
  as	
  well	
  as	
  

beneficial	
  factors	
  toward	
  remyelination	
  and	
  repair	
  (Liberto,	
  2004,	
  Sofroniew	
  and	
  Vinters	
  2010).	
  

The	
  characterization	
  of	
  the	
  extent	
  of	
  astrogliosis	
  could	
  point	
  out	
  factors	
  related	
  to	
  astroglial	
  

activation	
  that	
  have	
  the	
  potential	
  to	
  influence	
  OL	
  cells.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Moreover,	
  astrogliosis	
  is	
  described	
  as	
  a	
  hallmark	
  of	
  many	
  demyelinating	
  injuries	
  (Zhang	
  et	
  

al.,	
  2010;	
  Hamby	
  and	
  Sofroniew,	
  2011;	
  Kang	
  and	
  Hebert,	
  2011)	
  and	
  has	
  been	
  observed	
  in	
  

several	
  models	
  of	
  demyelination,	
  including	
  cuprizone	
  administration	
  (Hiremath	
  et	
  al.,	
  1998;	
  

Koutsoudaki	
  et	
  al.,	
  2009;	
  Xie	
  et	
  al.,	
  2010).	
  However,	
  the	
  extent	
  of	
  astrogliosis	
  has	
  not	
  been	
  fully	
  

characterized	
  in	
  any	
  of	
  these	
  models.	
  Because	
  cuprizone	
  ingestion	
  is	
  not	
  associated	
  with	
  a	
  

primary	
  immune	
  response	
  or	
  blood	
  brain	
  barrier	
  breakdown	
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(Kipp	
  et	
  al.,	
  2009;	
  Kotter	
  et	
  al.,	
  2011),	
  it	
  is	
  good	
  model	
  in	
  which	
  to	
  assess	
  the	
  influence	
  of	
  

astroglial	
  activation	
  on	
  the	
  OL	
  response	
  to	
  demyelination	
  without	
  additional	
  confounding	
  

factors.	
  Furthermore,	
  the	
  different	
  time-­‐courses	
  of	
  demyelination	
  that	
  can	
  be	
  mimicked	
  with	
  

cuprizone	
  ingestion	
  may	
  have	
  different	
  degrees	
  of	
  astroglial	
  activation,	
  leading	
  to	
  differential	
  

OL	
  responses.	
  To	
  evaluate	
  this	
  possibility,	
  the	
  extent	
  of	
  astroglial	
  activation	
  was	
  characterized	
  

in	
  the	
  CC	
  during	
  both	
  acute	
  and	
  chronic	
  demyelination.	
  Characterization	
  was	
  completed	
  using	
  

histopathological	
  and	
  immunohistochemical	
  stains	
  as	
  well	
  as	
  real	
  time	
  quantitative	
  polymerase	
  

chain	
  reactions	
  (RT-­‐QPCR).	
  The	
  CC	
  in	
  particular	
  was	
  studied	
  because	
  cuprizone	
  ingestion	
  

reliably	
  and	
  reproducibly	
  demyelinates	
  the	
  CC	
  in	
  many	
  rodent	
  strains,	
  including	
  the	
  C57bl/6	
  

mouse	
  strain	
  used	
  in	
  this	
  work.	
  

Methods	
  

	
  Mice	
  

	
  	
  	
  	
  	
  	
  	
  	
  Male	
  C57BL/6	
  mice	
  (6-­‐7	
  weeks	
  of	
  age)	
  were	
  purchased	
  from	
  Jackson	
  Laboratories	
  (Bar	
  

Harbor,	
  ME)	
  and	
  housed	
  two	
  per	
  cage	
  on	
  a	
  twelve	
  hour	
  light-­‐dark	
  cycle	
  in	
  the	
  USUHS	
  animal	
  

facility.	
  Food	
  and	
  water	
  were	
  provided	
  ad	
  libitum.	
  	
  

Cuprizone	
  Timeline	
  

	
  	
  	
  	
  	
  	
  	
  	
  To	
  induce	
  demyelination	
  mice	
  were	
  fed	
  cuprizone	
  as	
  detailed	
  previously	
  (Chapter	
  II,	
  

cuprizone	
  experimental	
  demyelination).	
  To	
  examine	
  acute	
  and	
  chronic	
  phases	
  of	
  disease	
  

progression,	
  mice	
  were	
  sacrificed	
  after	
  3,	
  6,	
  9,	
  or	
  12	
  weeks	
  on	
  cuprizone.	
  	
  

To	
  assess	
  recovery	
  from	
  cuprizone	
  induced	
  demyelination,	
  mice	
  were	
  continuously	
  fed	
  

cuprizone	
  for	
  either	
  an	
  acute	
  (6	
  week)	
  or	
  chronic	
  (12	
  week)	
  period	
  then	
  sacrificed	
  after	
  being	
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returned	
  to	
  normal	
  chow	
  for	
  a	
  variable	
  recovery	
  period	
  of	
  either	
  3	
  or	
  6	
  weeks	
  on	
  normal	
  chow.	
  

This	
  creates	
  four	
  different	
  recovery	
  time-­‐points,	
  designated	
  6+3	
  (acute	
  demyelination,	
  early	
  

recovery),	
  6+6	
  (acute	
  demyelination,	
  recovery),	
  12+3	
  (chronic	
  demyelination,	
  early	
  recovery)	
  

and	
  12+6	
  (chronic	
  demyelination,	
  recovery).	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Control	
  mice	
  were	
  sacrificed	
  at	
  8,	
  20	
  or	
  26	
  wks	
  of	
  age.	
  These	
  time-­‐points	
  were	
  used	
  so	
  that	
  

control	
  mice	
  were	
  age-­‐matched	
  to	
  experimental	
  cuprizone	
  ingestion	
  time-­‐points.	
  8	
  weeks	
  of	
  

age	
  represents	
  the	
  earliest	
  age	
  mouse	
  examined	
  and	
  is	
  the	
  starting	
  age	
  for	
  cuprizone	
  ingestion.	
  

20	
  weeks	
  of	
  age	
  is	
  simultaneously	
  a	
  control	
  for	
  acute	
  demyelination	
  with	
  a	
  recovery	
  period	
  

(6+6),	
  as	
  well	
  as	
  for	
  chronic	
  demyelination	
  (12).	
  26	
  weeks	
  of	
  age	
  is	
  the	
  oldest	
  time-­‐point	
  

examined	
  and	
  serves	
  as	
  a	
  control	
  for	
  chronic	
  demyelination	
  with	
  recovery	
  (12+6).	
  	
  	
  	
  

Analysis	
  of	
  Tissue	
  Sections	
  

	
  	
  	
  	
  	
  	
  	
  	
  GFAP	
  protein	
  expression	
  was	
  detected	
  using	
  a	
  rabbit	
  polyclonal	
  IgG	
  antibody	
  (DAKO,	
  

Carpinteria,	
  CA)	
  and	
  Alexa488	
  secondary	
  antibody	
  (Invitrogen,	
  Grand	
  island,	
  NY).	
  Ki67	
  was	
  

detected	
  using	
  a	
  modified	
  antigen	
  retrieval	
  protocol.	
  Briefly,	
  Biogenex	
  Antigen	
  Retrieval	
  Citra	
  

Solution	
  (Biogenex,	
  Fremont,	
  CA)	
  was	
  diluted	
  and	
  heated	
  in	
  a	
  microwave.	
  Slides	
  were	
  then	
  

immersed	
  in	
  warm	
  Antigen	
  Retrieval	
  Solution	
  for	
  20	
  minutes	
  at	
  room	
  temperature.	
  An	
  

Alexa555	
  goat	
  anti-­‐rat	
  secondary	
  antibody	
  was	
  used	
  for	
  fluorescent	
  imaging	
  (Life	
  Technologies,	
  

Grand	
  island,	
  NY).	
  Vimentin	
  was	
  detected	
  using	
  a	
  mouse	
  monoclonal	
  antibody	
  (Millipore,	
  

MAB1681,	
  Danvers,	
  MA)	
  and	
  a	
  donkey	
  anti-­‐mouse	
  IgM	
  secondary	
  antibody	
  conjugated	
  to	
  Cy3	
  

(Jackson	
  Immunoresearch,	
  West	
  Grove,	
  PA).	
  	
  Fibronectin	
  was	
  detected	
  using	
  a	
  rabbit	
  anti-­‐

fibronectin	
  antibody	
  (Chemicon,	
  Ab	
  1954,	
  Millipore,	
  Billerica,	
  MA).	
  An	
  Alexa488	
  goat	
  anti-­‐rabbit	
  

secondary	
  antibody	
  (Invitrogen,	
  Grand	
  Island,	
  NY)	
  was	
  used	
  to	
  visualize	
  fibronectin	
  staining.	
  A	
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mouse	
  monoclonal	
  anti-­‐chondroitin	
  sulfate	
  antibody	
  (Sigma,	
  Clone	
  CS-­‐56,	
  St.	
  Louis,	
  MO)	
  was	
  

used	
  to	
  stain	
  for	
  chondroitin	
  sulfate	
  glycoproteins	
  (CSPG)s.	
  To	
  visualize	
  the	
  CSPG	
  staining,	
  a	
  

goat	
  anti-­‐mouse	
  IgM	
  secondary	
  antibody	
  conjugated	
  to	
  Cy3	
  (Jackson	
  Immunoresarch,	
  West	
  

Grove,	
  PA)	
  was	
  used.	
  For	
  collagen	
  staining,	
  slides	
  were	
  stained	
  using	
  Masson’s	
  Trichrome	
  Blue	
  

stain	
  for	
  collagen	
  fibers	
  (Histopathology	
  core	
  at	
  USUHS	
  biomedical	
  instrumentation	
  core,	
  

Bethesda	
  MD).	
  	
  	
  

Custom	
  Array	
  Analysis	
  of	
  Gene	
  Expression	
  

	
  	
  	
  	
  	
  	
  	
  	
  RNA	
  was	
  isolated	
  following	
  a	
  modified	
  protocol	
  from	
  SABiosciences	
  (Gaithersburg,	
  MD).	
  At	
  

least	
  3	
  mice	
  were	
  processed	
  for	
  each	
  experimental	
  condition	
  and	
  control	
  group.	
  Briefly,	
  the	
  CC	
  

was	
  microdissected	
  then	
  homogenized	
  in	
  TRIZOL	
  for	
  RNA	
  isolation.	
  RNA	
  was	
  purified	
  using	
  the	
  

RT2	
  qPCR-­‐Grade	
  RNA	
  Isolation	
  Kit	
  (SABiosciences,	
  PA-­‐001).	
  Purity	
  readings	
  were	
  determined	
  

with	
  a	
  Nanodrop	
  spectrophotometer	
  (ThermoScientific,	
  Waltham,	
  MA).	
  Samples	
  were	
  required	
  

to	
  have	
  A260/280	
  ratios	
  of	
  above	
  2.0	
  and	
  A260/230	
  ratios	
  of	
  above	
  1.8.	
  If	
  necessary,	
  samples	
  

were	
  re-­‐purified	
  according	
  to	
  the	
  SABiosciences	
  protocol.	
  	
  

Purified	
  RNA	
  samples	
  were	
  converted	
  to	
  cDNA	
  (5	
  ng/10	
  uL)	
  using	
  the	
  RT	
  First	
  Strand	
  Kit	
  

(SABiosciences,	
  C-­‐03)	
  for	
  use	
  in	
  QPCR	
  arrays.	
  A	
  custom	
  386-­‐well	
  plate	
  was	
  designed	
  for	
  

expression	
  analysis	
  of	
  96	
  genes	
  selected	
  for	
  relevance	
  to	
  the	
  cuprizone	
  remyelination	
  and	
  

astrogliosis	
  (SABiosciences).	
  On	
  each	
  plate,	
  four	
  different	
  experimental	
  conditions	
  were	
  run	
  as	
  a	
  

set	
  of	
  three	
  disease	
  time	
  points	
  as	
  well	
  as	
  one	
  no	
  cuprizone	
  control	
  time	
  point.	
  For	
  each	
  time	
  

point,	
  cDNA	
  was	
  pooled	
  from	
  three	
  mice	
  of	
  the	
  same	
  condition.	
  Each	
  experimental	
  and	
  control	
  

condition	
  was	
  run	
  as	
  technical	
  triplicates	
  on	
  three	
  different	
  plates.	
  Raw	
  Ct	
  values	
  of	
  0	
  and	
  

above	
  35	
  were	
  excluded	
  from	
  analysis	
  as	
  inappropriate	
  reactions	
  or	
  below	
  detection	
  threshold	
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of	
  the	
  system.	
  Values	
  from	
  four	
  house-­‐keeping	
  genes	
  (Tbp,	
  Hprt1,	
  Actb	
  and	
  18sRNA)	
  were	
  used	
  

for	
  normalization	
  of	
  same	
  loading	
  and	
  integrity	
  for	
  each	
  sample.	
  Changes	
  in	
  relative	
  mRNA	
  fold	
  

expression	
  across	
  the	
  disease	
  time	
  course	
  and	
  control	
  ages	
  were	
  determined	
  using	
  the	
  delta	
  

delta	
  Ct	
  (ΔΔCt)	
  method;	
  relative	
  to	
  the	
  mRNA	
  gene	
  expression	
  values	
  for	
  8	
  week	
  old	
  mice	
  (no	
  

cuprizone	
  age	
  match	
  to	
  0	
  weeks	
  of	
  cuprizone	
  treatment).	
  GenePattern	
  2.0	
  was	
  used	
  to	
  

generate	
  heatmaps	
  of	
  relative	
  mRNA	
  expression	
  levels	
  in	
  each	
  sample	
  (Reich	
  et	
  al.,	
  2006).	
  

Statistical	
  Analysis	
  

	
  	
  	
  	
  	
  	
  	
  	
  Graphpad	
  Prism	
  5.0	
  was	
  used	
  for	
  graphing	
  and	
  statistical	
  analyses.	
  One-­‐way	
  ANOVA	
  

measures	
  were	
  used	
  to	
  determine	
  significant	
  differences	
  between	
  cuprizone	
  treatment	
  groups	
  

across	
  the	
  disease	
  time	
  course.	
  Relative	
  mRNA	
  fold	
  gene	
  expression	
  values	
  were	
  also	
  each	
  

individually	
  compared	
  to	
  a	
  theoretical	
  value	
  of	
  1.0,	
  for	
  significance	
  relative	
  to	
  no	
  fold	
  change,	
  

using	
  a	
  Students	
  t-­‐test.	
  Probability	
  values	
  of	
  p	
  <	
  0.05	
  were	
  considered	
  significant.	
  

Results	
  

Severe	
  diffuse	
  astroglial	
  activation	
  characterizes	
  cuprizone	
  induced	
  demyelination	
  and	
  persists	
  

during	
  the	
  recovery	
  phase	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  To	
  study	
  astroglial	
  activation	
  during	
  demyelination	
  and	
  recovery,	
  the	
  cuprizone	
  model	
  was	
  

used.	
  It	
  produced	
  expected	
  results	
  (Armstrong	
  et	
  al.,	
  2006;	
  Vana	
  et	
  al.,	
  2007;	
  Hibbits	
  et	
  al.,	
  

2009)	
  with:	
  i)	
  extensive	
  demyelination	
  in	
  the	
  CC	
  after	
  both	
  acute	
  and	
  chronic	
  cuprizone	
  

ingestion	
  (Fig	
  2B,	
  D,	
  F),	
  ii)	
  spontaneous	
  remyelination	
  after	
  acute	
  cuprizone	
  ingestion	
  and	
  

subsequent	
  recovery	
  on	
  normal	
  chow	
  (Fig	
  2C,	
  F),	
  and	
  iii)	
  limited	
  spontaneous	
  repair	
  and	
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remyelination	
  after	
  chronic	
  cuprizone	
  ingestion	
  and	
  subsequent	
  recovery	
  on	
  normal	
  chow	
  (Fig	
  

1E,	
  F).	
  

	
  	
  	
  	
  	
  	
  	
  	
  During	
  different	
  stages	
  of	
  cuprizone-­‐induced	
  demyelination	
  immunohistochemistry	
  for	
  

both	
  GFAP	
  (Figure	
  3,	
  4)	
  and	
  vimentin	
  (Figure	
  4),	
  characteristic	
  markers	
  of	
  reactive	
  astrogliosis	
  

(Pekny	
  and	
  Nilsson,	
  2005;	
  Sofroniew,	
  2009;	
  Sofroniew	
  and	
  Vinters,	
  2010),	
  was	
  undertaken.	
  The	
  

representative	
  images	
  shown	
  (Figure	
  3,	
  4)	
  indicate	
  that	
  both	
  GFAP	
  and	
  vimentin	
  are	
  expressed	
  

during	
  cuprizone	
  induced	
  demyelination	
  as	
  well	
  as	
  into	
  the	
  recovery	
  period	
  on	
  normal	
  chow.	
  

This	
  suggests	
  that	
  astrocytes	
  are	
  activated	
  by	
  cuprizone	
  demyelination.	
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Figure	
  2.	
  Representative	
  examples	
  of	
  demyelination	
  status	
  in	
  the	
  mouse	
  corpus	
  callosum	
  at	
  

the	
  end-­‐points	
  for	
  the	
  cuprizone	
  (cup)	
  ingestion	
  and	
  recovery	
  time-­‐courses.	
  A:	
  	
  No	
  cup	
  control	
  

mouse,	
  26	
  weeks	
  old	
  (age-­‐matched	
  to	
  the	
  chronic	
  recovery	
  time-­‐point).	
  B:	
  6	
  weeks	
  (acute)	
  cup	
  

ingestion	
  shows	
  substantial	
  myelin	
  loss.	
  C:	
  6	
  weeks	
  acute	
  cup	
  ingestion	
  with	
  6	
  weeks	
  of	
  

recovery	
  on	
  normal	
  chow	
  (acute	
  recovery	
  time-­‐point)	
  shows	
  almost	
  complete	
  spontaneous	
  

remyelination.	
  D:	
  12	
  weeks	
  (chronic)	
  cup	
  ingestion	
  shows	
  substantial	
  myelin	
  loss.	
  E:	
  12	
  weeks	
  

chronic	
  cup	
  ingestion	
  with	
  6	
  weeks	
  of	
  recovery	
  on	
  normal	
  chow	
  (chronic	
  recovery	
  time-­‐point)	
  

shows	
  some	
  spontaneous	
  remyelination,	
  but	
  is	
  not	
  as	
  robust	
  as	
  at	
  the	
  acute	
  recovery	
  time-­‐

point	
  (F)	
  Quantification	
  of	
  percent	
  myelination	
  as	
  an	
  indicator	
  of	
  demyelination	
  status	
  shows	
  

significant	
  differences	
  between	
  cup	
  treatment	
  groups	
  (p	
  <	
  0.001);	
  acute	
  and	
  chronic	
  cup	
  

ingestion	
  produce	
  significant	
  demyelination	
  compared	
  to	
  no	
  cup	
  controls	
  (p	
  <	
  0.001),	
  there	
  is	
  

no	
  difference	
  between	
  no	
  cup	
  treatment	
  (8	
  wks	
  or	
  26	
  wks)	
  and	
  the	
  acute	
  recovery	
  time-­‐point.	
  

There	
  is	
  still	
  significant	
  demyelination	
  at	
  the	
  chronic	
  recovery	
  time-­‐point	
  compared	
  to	
  no	
  cup	
  (p	
  

<	
  0.001).	
  All	
  images	
  processed	
  similarly,	
  scale	
  bar	
  in	
  E	
  is	
  indicative	
  of	
  all	
  images	
  and	
  represents	
  

100	
  um.	
  

	
  



45	
  
	
  

	
  
	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.	
  Proliferating	
  and	
  astrocytic	
  cells	
  are	
  found	
  in	
  the	
  corpus	
  callosum	
  of	
  cuprizone	
  
treated	
  mice,	
  GFAP	
  (green)/Ki67	
  (red)/DAPI	
  (blue).	
  Arrows	
  show	
  examples	
  of	
  Ki67	
  positive	
  
proliferating	
  cells	
  without	
  cup	
  treatment	
  (A),	
  with	
  acute	
  cup	
  demyelination	
  (6	
  wks	
  cuprizone	
  B),	
  
with	
  chronic	
  cup	
  demyelination	
  (12	
  wks	
  cuprizone	
  C)	
  and	
  in	
  recovery	
  after	
  chronic	
  
demyelination	
  (12	
  wks	
  cuprizone,	
  6	
  wk	
  recovery	
  D).	
  Co-­‐immunostaining	
  of	
  GFAP	
  and	
  Ki67	
  is	
  
indicative	
  of	
  proliferative	
  astrogliosis	
  in	
  this	
  model	
  of	
  demyelination.	
  Scale	
  bar	
  in	
  (C)	
  12	
  wks	
  
cuprizone	
  is	
  characteristic	
  of	
  all	
  images	
  in	
  the	
  panel	
  and	
  represents	
  100	
  um.	
  The	
  scale	
  bar	
  on	
  
the	
  inset	
  in	
  (C)	
  12	
  wks	
  cuprizone	
  represents	
  50	
  um.	
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  Furthermore,	
  Ki67	
  co-­‐localization	
  with	
  GFAP	
  (Figure	
  3)	
  shows	
  that	
  astrocytes	
  are	
  

proliferating	
  in	
  this	
  model	
  of	
  demyelination.	
  Astrocytic	
  proliferation	
  is	
  characteristic	
  of	
  severe	
  

diffuse	
  astrogliosis	
  as	
  opposed	
  to	
  the	
  less	
  activated	
  stage	
  of	
  mild	
  to	
  moderate	
  astrogliosis,	
  since	
  

there	
  is	
  very	
  little	
  proliferation	
  in	
  mild	
  to	
  moderate	
  astrogliosis	
  (Sofroniew	
  and	
  Vinters,	
  2010).	
  

Therefore,	
  astrogliosis	
  in	
  the	
  cuprizone	
  model	
  is	
  at	
  least	
  at	
  the	
  stage	
  of	
  severe	
  diffuse	
  reactive	
  

astrogliosis.	
  This	
  characterization	
  is	
  further	
  supported	
  by	
  cellular	
  hypertrophy	
  and	
  some	
  loss	
  of	
  

cellular	
  domains	
  (Sofroniew	
  and	
  Vinters,	
  2010)	
  that	
  is	
  apparent	
  in	
  GFAP	
  expressing	
  astrocytes	
  

after	
  cuprizone	
  ingestion	
  (Figure	
  3).	
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Figure	
  4.	
  Reactive	
  astrocyte	
  immunostaining	
  is	
  evident	
  into	
  the	
  recovery	
  period	
  after	
  chronic	
  
cuprizone	
  ingestion(12	
  wks	
  cuprizone,	
  6	
  wk	
  recovery)	
  in	
  the	
  mouse	
  corpus	
  callosum	
  with	
  GFAP	
  
(D),	
  vimentin	
  (E)	
  and	
  GFAP	
  (green)/Vimentin	
  (red)	
  co-­‐localized	
  (F,	
  arrows)	
  immunoreactivity	
  
compared	
  to	
  control	
  (no	
  cuprizone)	
  GFAP	
  (A),	
  vimentin	
  (B)	
  and	
  GFAP	
  (green)/Vimentin	
  (red)	
  co-­‐
localized	
  (C,	
  arrow)	
  immunoreactivity.	
  Scale	
  bars	
  represent	
  50	
  um	
  for	
  all	
  images	
  in	
  panel.	
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Astrogliosis	
  in	
  the	
  cuprizone	
  model	
  does	
  not	
  reach	
  the	
  point	
  of	
  glial	
  scar	
  formation	
  

	
  	
  	
  	
  	
  	
  	
  	
  To	
  distinguish	
  the	
  extent	
  of	
  astrogliosis	
  in	
  the	
  cuprizone	
  model,	
  that	
  is	
  whether	
  astrogliosis	
  

reaches	
  the	
  most	
  extreme	
  end	
  of	
  the	
  astrocytic	
  continuum,	
  designated	
  severe	
  diffuse	
  

astrogliosis	
  with	
  compact	
  glial	
  scarring	
  (Sofroniew	
  and	
  Vinters,	
  2010),	
  staining	
  for	
  CSPG	
  (Figure	
  

5),	
  fibronectin	
  (Figure	
  6)	
  and	
  collagen	
  (Figure	
  7)	
  were	
  conducted.	
  CSPGs,	
  fibronectin	
  and	
  

collagen	
  are	
  components	
  of	
  the	
  ECM	
  that	
  is	
  characteristic	
  of	
  fibrotic	
  scarring	
  (Schwab	
  and	
  

Bartholdi,	
  1996).	
  Fibrotic	
  scarring	
  characterizes	
  CNS	
  trauma	
  (Yoshioka	
  et	
  al.,	
  2010)	
  and	
  

coincides	
  temporally	
  and	
  spatially	
  with	
  astrocytic	
  activation	
  (Klapka	
  and	
  Muller,	
  2006).	
  

Additionally,	
  astrocytes	
  are	
  influenced	
  by	
  ECM	
  molecules	
  both	
  through	
  the	
  production	
  of	
  and	
  

interaction	
  with	
  ECM	
  components	
  (Eddleston	
  and	
  Mucke,	
  1993).	
  Moreover,	
  though	
  scarring,	
  

composed	
  of	
  both	
  a	
  glial	
  and	
  fibrotic	
  component,	
  has	
  long	
  been	
  considered	
  an	
  impediment	
  to	
  

regrowth	
  and	
  repair	
  (Sofroniew,	
  2009),	
  there	
  are	
  many	
  different	
  components	
  of	
  the	
  ECM	
  and	
  

not	
  all	
  of	
  them	
  are	
  inhibitory	
  toward	
  regrowth	
  and	
  repair.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Furthermore,	
  the	
  CSPGs	
  alone	
  constitute	
  a	
  diverse	
  set	
  of	
  proteins	
  that	
  can	
  both	
  inhibit	
  and	
  

promote	
  growth	
  (Haylock-­‐Jacobs	
  et	
  al.,	
  2011).	
  Moreover,	
  even	
  inhibitory	
  CSPGs	
  which	
  

constitute	
  a	
  chemical	
  barrier	
  to	
  re-­‐growth	
  and	
  repair	
  do	
  not	
  form	
  a	
  physical	
  barrier	
  for	
  growth	
  

and	
  repair	
  (Hsu,	
  2006,	
  Davies	
  1997).	
  Figure	
  5	
  shows	
  that	
  generalized	
  CSPG	
  staining	
  is	
  present	
  

into	
  the	
  recovery	
  period	
  from	
  chronic	
  cuprizone	
  administration	
  in	
  the	
  mouse	
  CC,	
  indicating	
  the	
  

presence	
  of	
  the	
  beginning	
  stages	
  of	
  a	
  glial	
  scar.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Fibronectin	
  is	
  a	
  fibrous	
  protein	
  that	
  is	
  beneficial	
  for	
  cell	
  migration,	
  synapse	
  formation	
  and	
  

neurite	
  outgrowth	
  (Schwab	
  and	
  Bartholdi,	
  1996;	
  Tate	
  et	
  al.,	
  2007;	
  Tucker	
  and	
  Mearow,	
  2008).	
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Fibronectin,	
  since	
  it	
  can	
  bind	
  collagen,	
  may	
  act	
  as	
  a	
  scaffold	
  for	
  ultimate	
  scar	
  formation.	
  Indeed,	
  

collagen	
  fibrils	
  fail	
  to	
  accumulate	
  in	
  the	
  absence	
  of	
  a	
  fibronectin	
  matrix	
  (Singh	
  et	
  al.,	
  2010).	
  

Figure	
  6	
  shows	
  that	
  fibronectin	
  is	
  characteristic	
  in	
  the	
  mouse	
  CC	
  after	
  cuprizone	
  induced	
  

demyelination.	
  This	
  further	
  indicates	
  that	
  the	
  beginnings	
  of	
  a	
  glial	
  scar	
  are	
  present	
  in	
  the	
  

cuprizone	
  model	
  of	
  demyelination.	
  The	
  glial	
  scar	
  is	
  composed	
  of	
  several	
  different	
  cellular	
  

components	
  including	
  reactive	
  astrocytes,	
  microglia	
  cells,	
  basal	
  membrane	
  components	
  and	
  

endothelial	
  cells.	
  Each	
  of	
  these	
  components	
  contributes	
  to	
  factors	
  affecting	
  growth	
  and	
  re-­‐

growth	
  in	
  the	
  CNS.	
  However,	
  collagen,	
  a	
  possible	
  source	
  of	
  the	
  ultimate	
  physical	
  barrier	
  toward	
  

regrowth	
  and	
  remyelination	
  (Schwab	
  and	
  Bartholdi,	
  1996;	
  Buss	
  et	
  al.,	
  2007)	
  is	
  not	
  present	
  in	
  

the	
  CC	
  of	
  cuprizone	
  treated	
  mice	
  (Figure	
  7).	
  Taken	
  together,	
  these	
  results	
  indicate	
  that	
  during	
  

cuprizone	
  administration	
  astrogliosis	
  reaches	
  the	
  point	
  of	
  severe	
  diffuse	
  reactive	
  astrogliosis	
  

without	
  formation	
  of	
  a	
  compact	
  glial	
  scar.	
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Figure	
  5.	
  CSPG	
  immunostaining	
  (red)/DAPI	
  nuclear	
  staining	
  (blue)	
  is	
  evident	
  in	
  the	
  mouse	
  
corpus	
  callosum	
  at	
  all	
  stages	
  of	
  cuprizone	
  ingestion.	
  (A)	
  No	
  cuprizone	
  control	
  mouse,	
  (B)	
  acute	
  
cuprizone	
  ingestion	
  (6	
  wks	
  cuprizone),	
  (C)	
  acute	
  recovery	
  cuprizone	
  time-­‐course	
  (6	
  wks	
  
cuprizone	
  and	
  6	
  wks	
  recovery	
  on	
  normal	
  chow),	
  (D)	
  Chronic	
  cuprizone	
  ingestion	
  (12	
  wks	
  
cuprizone)	
  and	
  (E)	
  chronic	
  recovery	
  cuprizone	
  time-­‐course	
  (12	
  wks	
  cuprizone	
  and	
  6	
  wks	
  reverie	
  
on	
  normal	
  chow).	
  Scale	
  bar	
  for	
  images	
  A-­‐C	
  is	
  shown	
  in	
  (A)	
  No	
  cuprizone	
  and	
  represents	
  100	
  um.	
  
Scale	
  bar	
  for	
  images	
  D-­‐E	
  is	
  shown	
  in	
  (D)	
  12	
  wks	
  cuprizone	
  and	
  represents	
  200	
  um.	
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Figure	
  6.	
  Fibronectin	
  immunostaining	
  (green)/DAPI	
  nuclear	
  staining	
  (blue)	
  is	
  evident	
  in	
  the	
  
mouse	
  corpus	
  callosum	
  (CC)	
  after	
  both	
  acute	
  (6	
  wks	
  cuprizone,	
  B)	
  and	
  chronic	
  cuprizone	
  (12	
  
wks	
  cuprizone,	
  C)	
  compared	
  to	
  control	
  (no	
  cuprizone,	
  A).	
  CC	
  area	
  is	
  differentiated	
  (white	
  lines)	
  
from	
  the	
  apex	
  of	
  the	
  cingulum	
  (cg).	
  Scale	
  bar	
  in	
  (A)	
  No	
  cuprizone	
  is	
  indicative	
  of	
  all	
  images	
  in	
  
panel	
  and	
  represents	
  100	
  um.	
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Figure	
  7.	
  Collagen,	
  one	
  component	
  of	
  glial	
  
scarring,	
  is	
  not	
  present	
  in	
  the	
  corpus	
  callosal	
  area	
  
of	
  the	
  brain	
  in	
  cup	
  treated	
  mice.	
  Masson	
  trichrome	
  
stain	
  for	
  collagen	
  turns	
  blue	
  in	
  the	
  presence	
  of	
  
collagen	
  and	
  is	
  apparent	
  in	
  an	
  intestinal	
  control	
  
section	
  (A),	
  but	
  not	
  in	
  the	
  corpus	
  callosum	
  of	
  mice	
  
treated	
  with	
  cuprizone	
  to	
  induce	
  acute	
  (B)	
  or	
  
chronic	
  (C)	
  demyelination.	
  Scale	
  bar	
  in	
  (A)	
  
represents	
  2	
  mm,	
  in	
  (B)	
  and	
  (C)	
  represents	
  200	
  um.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
   	
  



53	
  
	
  

	
  
	
  

	
  
Cuprizone	
  demyelination	
  corresponds	
  with	
  increased	
  relative	
  mRNA	
  expression	
  of	
  a	
  

constellation	
  of	
  genes	
  potentially	
  related	
  to	
  astroglial	
  activation	
  

	
  	
  	
  	
  	
  	
  	
  	
  To	
  further	
  characterize	
  the	
  extent	
  of	
  astrogliosis	
  and	
  the	
  factors	
  that	
  related	
  to	
  astrogliosis	
  

in	
  the	
  cuprizone	
  model	
  of	
  demyelination,	
  a	
  custom	
  386	
  well	
  mRNA	
  microarray	
  plate	
  was	
  used.	
  

A	
  total	
  66	
  genes	
  were	
  within	
  threshold	
  values	
  for	
  analysis	
  (Figure	
  8).	
  Of	
  these	
  genes,	
  22	
  cluster	
  

with	
  GFAP,	
  indicating	
  that	
  they	
  have	
  the	
  same	
  relative	
  mRNA	
  expression	
  profile	
  as	
  GFAP	
  in	
  the	
  

mouse	
  CC	
  during	
  both	
  acute	
  and	
  chronic	
  cuprizone	
  ingestion	
  and	
  recovery	
  (Figure	
  8	
  to	
  arrow).	
  

The	
  mRNA	
  expression	
  profile	
  of	
  GFAP	
  constitutes	
  increases	
  in	
  relative	
  fold-­‐change	
  throughout	
  

the	
  cuprizone	
  ingestion	
  time-­‐course	
  (Table	
  1,	
  row	
  1,	
  Table	
  2,	
  row	
  2),	
  which	
  is	
  expected	
  

according	
  to	
  the	
  GFAP	
  immunohistochemistry	
  (Figure	
  3).	
  Furthermore,	
  genes	
  that	
  were	
  

expected	
  to	
  decrease	
  during	
  cuprizone	
  administration,	
  such	
  as	
  PLP,	
  a	
  myelin	
  related	
  gene,	
  do	
  

not	
  cluster	
  with	
  GFAP	
  (Figure	
  8).	
  These	
  genes	
  show	
  a	
  pattern	
  of	
  decreases	
  in	
  relative	
  fold	
  mRNA	
  

expression	
  levels	
  during	
  cuprizone	
  administration	
  (Figure	
  8)	
  when	
  the	
  expression	
  of	
  mature	
  

myelin-­‐related	
  genes	
  has	
  been	
  shown	
  to	
  be	
  maximally	
  depleted	
  (Matsushima	
  and	
  Morell,	
  2001;	
  

Armstrong	
  et	
  al.,	
  2002).	
  These	
  results	
  exemplify	
  the	
  fidelity	
  of	
  the	
  clustering	
  algorithm	
  in	
  

detecting	
  mRNA	
  expression	
  patterns.	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  relative	
  mRNA	
  expression	
  profile	
  of	
  genes	
  in	
  the	
  GFAP	
  cluster	
  indicates	
  that	
  the	
  

transcription	
  of	
  genes	
  within	
  the	
  GFAP	
  cluster	
  is	
  most	
  prominent	
  during	
  the	
  first	
  few	
  weeks	
  of	
  

cuprizone	
  demyelination	
  (Table	
  1,	
  2).	
  During	
  this	
  early	
  demyelination	
  period	
  the	
  population	
  of	
  

oligodendrocyte	
  progenitor	
  cells	
  amplifies	
  in	
  the	
  CC	
  (Matsushima	
  and	
  Morell,	
  2001;	
  Armstrong	
  

et	
  al.,	
  2006).	
  The	
  mRNA	
  gene	
  expression	
  profile	
  of	
  GFAP	
  also	
  indicates	
  that	
  the	
  gene	
  expression	
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within	
  the	
  GFAP	
  cluster	
  is	
  decreased	
  during	
  recovery	
  on	
  normal	
  chow	
  (Figure	
  8).	
  In	
  fact,	
  the	
  

relative	
  mRNA	
  expression	
  values	
  within	
  the	
  GFAP	
  cluster	
  begin	
  to	
  decrease	
  after	
  initial	
  

cuprizone	
  administration	
  in	
  both	
  the	
  acute	
  recovery	
  (Table	
  1)	
  and	
  chronic	
  recovery	
  (Table	
  2)	
  

cuprizone	
  ingestion	
  time-­‐lines.	
  This	
  indicates	
  that	
  gene	
  regulation	
  of	
  astroglial	
  activity	
  occurs	
  

early	
  in	
  the	
  cuprizone	
  model.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Moreover,	
  initial	
  astroglial	
  activation	
  does	
  not	
  appear	
  to	
  inhibit	
  the	
  OL	
  response	
  to	
  

demyelination	
  as	
  the	
  initial	
  astroglial	
  activation	
  coincides	
  with	
  OL	
  progenitor	
  amplification	
  in	
  

the	
  cuprizone-­‐induced	
  lesion	
  area	
  (Murtie	
  et	
  al.,	
  2005b).	
  The	
  OL	
  progenitor	
  amplification	
  during	
  

cuprizone	
  ingestion	
  subsequently	
  leads	
  to	
  robust	
  remyelination	
  which	
  can	
  be	
  observed	
  during	
  

the	
  recovery	
  period	
  after	
  acute	
  cuprizone	
  demyelination	
  (Figure	
  2C,	
  F).	
  Astrogliosis	
  at	
  this	
  same	
  

time-­‐point	
  does	
  not	
  appear	
  to	
  inhibit	
  that	
  OL	
  response	
  in	
  any	
  form.	
  	
  

	
  

	
   	
  



55	
  
	
  

	
  
	
  

TABLE 1 
Quantitative RT-PCR of cell type markers and signaling components clustered with GFAP  
for the acute recovery time-course 
Gene 0 wk 

No cup 
3 wk cup 6 wk cup 6 wk cup 

3 wk off 
6 wk cup 
6 wk off 

20 wk  
No cup 

ANOVA 
p Value 

Gfap 1 
±0.02461 

14.02* 
±0.8744 

7.638* 
±0.6154 

3.316* 
±0.0935 

2.956* 
±0.386 

0.7943 
±0.116 

P<0.0001 

Vim 1 
±0.1063 

14.7* 
±0.2464 

6.682* 
±0.1363 

3.393* 
±0.09534 

3.16* 
±0.3243 

1.201 
±0.1325 

P<0.0001 

Tnfrs1b 
 

1 
±0.185 

8.87* 
±0.2393 

3.877* 
±0.2187 

1.656 
±0.4516 

2.14 
±0.3657 

1.377* 
±0.03391 

P<0.0001 

Ltbr 1 
±0.03837 

3.222* 
±0.1151 

2.097* 
±0.1764 

1.231* 
±0.04725 

1.676 
±0.1626 

1.017 
±0.07668 

P<0.0001 

Fgf2 1 
±0.04397 

5.162* 
±0.2075 

4.009* 
±0.3605 

2.454* 
±0.1874 

2.112* 
±0.2125 

1.347* 
±0.04386 

P<0.0001 

Tnfrs1a 1 
±0.06373 

5.97* 
±0.3629 

3.719* 
±0.1785 

1.862 
±0.4582 

1.643 
±0.187 

1.147 
±0.1593 

P<0.0001 

Tnc 1 
±0.1445 

2.036 
±0.2725 

1.517 
±0.238 

0.839* 
±0.0287 

0.888 
±0.0322 

0.521* 
±0.0467 

0.0003 

Tgfb1 1 
±0.07887 

5.591* 
±0.1422 

2.483* 
±0.2637 

1.542* 
±0.09363 

1.777 
±0.196 

1.11 
±0.0383 

P<0.0001 

Tgfbr1 1 
±0.05794 

6.07* 
±0.195 

2.212* 
±0.09753 

1.511 
±0.2079 

1.373 
±0.1669 

0.9299 
±0.03499 

P<0.0001 

Axl 1 
±0.02217 

6.453* 
±0.646 

2.355* 
±0.1454 

1.602* 
±0.05643 

1.7 
±0.174 

1.333 
±0.1293 

P<0.0001 

Itgam 1 
±0.08201 

4.921* 
±0.2696 

2.028* 
±0.1678 

1.572* 
±0.0352 

1.2 
±0.299 

1.051 
±0.05668 

P<0.0001 

Il1b 1 
±0.0832 

10.08* 
±0.5758 

3.134* 
±0.4724 

1.544 
±0.148 

2.268* 
±0.2327 

1.645* 
±0.02308 

P<0.0001 
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Tgfbr2 1 
±0.1841 

4.939* 
±0.3326 

1.913 
±0.3169 

1.396* 
±0.05873 

1.894* 
±0.1181 

1.11* 
±0.02265 

P<0.0001 

Bmp4 1 
±0.2344 

3.65* 
±0.06119 

1.365 
±0.1214 

1.029 
±0.1317 

1.11 
±0.1333 

0.8315 
±0.07878 

P<0.0001 

Tnf 1 
±0.2868 

22.8* 
±3.616 

5.969* 
±0.6915 

4.07 
±1.658 

3.198 
±0.7704 

3.652 
±0.767 

P<0.0001 

Igf1 1 
±0.09595 

6.058* 
±0.8729 

3.259* 
±0.7182 

1.376* 
±0.06721 

2.089 
±0.6542 

1.680 
±0.4154 

P<0.0001 

Nes 1 
±0.04636 

2.712* 
±0.06519 

1.954 
±0.2471 

1.014 
±0.05239 

1.099 
±0.2559 

1.109* 
±0.02112 

P<0.0001 

Fn1 1 
±0.03999 

3.26* 
±0.1252 

1.776 
±0.3422 

0.9646 
±0.02701 

1.38 
±0.1125 

1.591* 
±0.04706 

P<0.0001 

Ntrk2 1 
±0.05003 

2.062* 
±0.09052 

1.599* 
±0.0256 

1.359 
±0.1266 

1.468* 
±0.1063 

1.294* 
±0.02614 

P<0.0001 

Ptprz1 1 
±0.02475 

2.316* 
±0.1197 

1.907* 
±0.1853 

1.562* 
±0.05879 

1.873* 
±0.1324 

1.172 
±0.07001 

P<0.0001 

Lif 1 
±0.2182 

3.33 
±0.8421 

2.956* 
±0.15 

1.696 
±0.3317 

1.924* 
±0.1709 

1.44 
±0.3026 

0.0118 

Sox9 1 
±0.05576 

1.616* 
±0.05583 

1.409 
±0.1583 

1.185* 
±0.02617 

1.545 
±0.1407 

1.157 
±0.06305 

0.0043 

Values shown are fold change (mean ± s.e.m.) calculated relative to 0 wk No cuprizone condition.  
N = 3 mice per condition with samples run across 3 plates as technical triplicates. ANOVA values  
are for comparison across all time points for a given gene. Asterisks show significant changes  
(p < 0.05) for individual time points using a one sample t-test comparison to a theoretical mean of  
1.000, i.e. null hypothesis for no fold change. 
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TABLE 2 
Quantitative RT-PCR of cell type markers and signaling components clustered with GFAP  
for the chronic recovery time-course 
Gene 0 wk 

No cup 
3 wk 
cup 

6 wk 
cup 

9 wk 
cup 

 

12 wk 
cup 

12 wk 
cup 

 3 off 

12 wk 
cup 
6 off 

26 wk 
No cup 

ANOVA 
p Value 

Gfap 1 
±0.0246 

14.02* 
±0.8744 

7.638* 
±0.6154 

5.006* 
±0.7865 

6.35* 
±0.1658 

3.111* 
±0.2658 

1.299* 
±0.0107

8 

0.9806 
±0.08831 

<0.0001 

Fgf2 1 
±0.0440 

5.162* 
±0.2075 

4.009* 
±0.3605 

2.631* 
±0.072 

3.282* 
±0.062 

2.037* 
±0.1915 

1.332 
±0.1032 

1.124 
±0.1654 

<0.0001 

Igf1 1 
±0.0960 

6.058* 
±0.504 

3.259* 
±0.415 

1.681* 
±0.050 

2.579* 
±0.176 

1.5 
±0.2337 

0.8174 
±0.2308 

1.001 
±0.0380 

<0.0001 

Tnfrs1a 1 
±0.0637 

5.97* 
±0.3629 

3.719* 
±0.179 

2.367* 
±0.171 

2.398 
±0.380 

1.712 
±0.429 

1.488 
±0.186 

0.8077 
±0.2244 

<0.0001 

Il1b 1 
±0.0832 

10.08* 
±0.5758 

3.134* 
±0.472 

3.781* 
±0.627 

2.898* 
±0.1719 

1.325 
±0.4113 

1.517 
±0.1649 

1.013 
±0.1739 

<0.0001 

Tnf 1 
±0.2868 

22.8* 
±3.620 

5.969* 
±0.692 

12.33* 
±1.075 

8.11 
±1.872 

4.684 
±1.179 

3.253 
±1.372 

1.639 
±0.3837 

<0.0001 

Nes 1 
±0.0464 

2.712* 
±0.0652 

1.954 
±0.247 

1.99 
±0.243 

1.499 
±0.1734 

1.432 
±0.1205 

0.944 
±0.1209 

0.8035* 
±0.0340 

0.0002 

Tnc 1 
±0.1445 

2.036 
±0.2725 

1.517 
±0.238 

1.813* 
±0.094 

1.482 
±0.129 

0.789* 
±0.0236 

0.621* 
±0.0580

7 

0.441* 
±0.0232 

0.002 

Vim 1 
±0.1063 

14.7* 
±0.2464 

6.682* 
±0.136 

5.14* 
±0.688 

4.003* 
±0.2476 

3.168* 
±0.0805

6 

1.631 
±0.1496 

1.082 
±0.0539 

<0.0001 

Tnfrs1b 1 
±0.185 

8.87* 
±0.2393 

3.877* 
±0.219 

3.267* 
±0.238 

2.7 
±0.4865 

1.684 
±0.3582 

1.717 
±0.1867 

1.198 
±0.0799 

<0.0001 
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Tgfb1 1 
±0.0788

7 

5.591* 
±0.1422 

2.483* 
±0.264 

2.171* 
±0.151 

1.893* 
±0.201 

2.155* 
±0.0999 

1.364 
±0.2022 

0.9822 
±0.0776 

<0.0001 

Itgam 1 
±0.0820

1 

4.921* 
±0.2696 

2.028* 
±0.168 

1.478* 
±0.065 

1.489* 
±0.0401 

1.274 
±0.1573 

1.166* 
±0.0282 

1.003 
±0.0481 

<0.0001 

Tgfbr1 1 
±0.0579 

6.07* 
±0.195 

2.212* 
±0.098 

1.499 
±0.173 

1.43* 
±0.0417 

1.15 
±0.0478 

1.411 
±0.0995 

1.129 
±0.1087 

<0.0001 

Axl 1 
±0.0222 

6.453* 
±0.646 

2.355* 
±0.145 

1.874* 
±0.087 

1.459* 
±0.057 

1.998 
±0.307 

1.373 
±0.0937 

1.061 
±0.0774 

<0.0001 

Fn1 1 
±0.0399 

3.26* 
±0.125 

1.776 
±0.342 

1.133* 
±0.030 

1.078 
±0.0298 

1.166 
±0.0791 

0.912 
±0.0812 

0.8629* 
±0.0276 

<0.0001 

Bmp4 1 
±0.2344 

3.65* 
±0.0612 

1.365 
±0.121 

0.9548 
±0.144 

0.924* 
±0.001 

1.114 
±0.1005 

0.9338 
±0.1162 

0.7667* 
±0.0321 

<0.0001 

Tgfbr2 1 
±0.1841 

4.939* 
±0.3326 

1.913 
±0.317 

1.346 
±0.232 

1.723* 
±0.133 

1.932* 
±0.1002 

1.613 
±0.1472 

1.26* 
±0.0499 

<0.0001 

Ltbr 1 
±0.0384 

3.222* 
±0.1151 

2.097* 
±0.176 

1.345* 
±0.054 

1.683* 
±0.116 

1.965* 
±0.125 

1.376* 
±0.0802 

1.067 
±0.146 

<0.0001 

Ntrk2 1 
±0.0500 

2.062* 
±0.0905 

1.599* 
±0.026 

1.307* 
±0.050 

1.693* 
±0.076 

1.647* 
±0.1113 

1.307* 
0.0553 

1.048 
±0.0674 

<0.0001 

Ptprz1 1 
±0.0248 

2.316* 
±0.1197 

1.907* 
±0.185 

1.355* 
±0.077 

1.505 
±0.171 

1.675* 
±0.0442 

1.273 
±0.223 

1.082 
±0.0522 

0.0001 

Sox9 1 
±0.0557

6 

1.616* 
±0.0558 

1.409 
±0.1583 

1.64* 
±0.0882 

1.13 
±0.142 

1.829* 
±0.1421 

0.8482 
±0.1363 

0.9358 
±0.0169 

0.0018 

Lif 1 
±0.2182 

3.33 
±0.8421 

2.956* 
±0.150 

2.10 
±0.6455 

1.527 
±0.473 

1.543 
±0.3723 

1.37 
±0.302 

1.294 
±0.1324 

0.048 
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Values shown are fold change (mean ± s.e.m.) calculated relative to 0 wk No cuprizone condition.  
N = 3 mice per condition with samples run across 3 plates as technical triplicates. ANOVA values 
are for comparison across all time points for a given gene. Asterisks show significant changes (p < 0.05)  
for individual time points using a one sample t-test comparison to a theoretical mean of 1.000, i.e. null  
hypothesis for no fold change. 
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Figure	
  8.	
  The	
  relative	
  mRNA	
  expression	
  profile	
  of	
  GFAP,	
  an	
  astrocyte	
  marker,	
  defines	
  an	
  

expression	
  profile	
  that	
  might	
  characterize	
  astrocytic	
  signaling	
  in	
  cuprizone	
  demyelination.	
  

Hierarchical	
  clustering	
  of	
  genes	
  based	
  on	
  their	
  similarity	
  to	
  GFAP	
  relative	
  fold	
  mRNA	
  expression	
  

distinguishes	
  a	
  similar	
  gene	
  cluster	
  in	
  the	
  acute	
  (left)	
  and	
  chronic	
  (right)	
  cuprizone	
  treatment	
  

and	
  recovery	
  time-­‐courses.	
  	
  The	
  colors	
  of	
  the	
  heatmap	
  range	
  from	
  darkest	
  blue	
  (lowest	
  relative	
  

mRNA	
  expression)	
  to	
  darkest	
  red	
  (highest	
  relative	
  mRNA	
  expression).	
  The	
  dendrograms	
  

represent	
  hierarchical	
  clusters	
  according	
  to	
  similarity	
  to	
  GFAP	
  relative	
  mRNA	
  expression,	
  with	
  

mRNA	
  gene	
  expression	
  profiles	
  most	
  similar	
  to	
  the	
  GFAP	
  mRNA	
  gene	
  expression	
  at	
  the	
  top	
  of	
  

the	
  figure.	
  The	
  arrow	
  on	
  the	
  left	
  of	
  each	
  dendrogram	
  depicts	
  the	
  end	
  of	
  the	
  cluster	
  of	
  genes	
  

with	
  an	
  mRNA	
  expression	
  profile	
  most	
  similar	
  to	
  GFAP.	
  The	
  heatmap	
  colors	
  for	
  each	
  gene	
  

represent	
  fold	
  relative	
  mRNA	
  expression	
  compared	
  to	
  no	
  cuprizone	
  (0	
  wk)	
  treatment.	
  The	
  three	
  

technical	
  replicates	
  are	
  shown	
  for	
  each	
  time-­‐point.	
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Figure	
  9.	
  Scatterplot	
  representation	
  of	
  genes	
  within	
  the	
  GFAP	
  hierarchical	
  cluster	
  for	
  acute	
  
(blue	
  squares)	
  and	
  chronic	
  (red	
  triangles)	
  cuprizone	
  ingestion	
  time-­‐courses.	
  Gene	
  names	
  are	
  
listed	
  along	
  the	
  x-­‐axis.	
  The	
  number	
  represents	
  the	
  Pearson	
  correlation	
  coefficient	
  for	
  the	
  
similarity	
  of	
  that	
  particular	
  gene	
  relative	
  mRNA	
  expression	
  profile	
  to	
  the	
  GFAP	
  relative	
  mRNA	
  
expression	
  profile	
  for	
  that	
  time-­‐course.	
  The	
  gray	
  line	
  at	
  0.65	
  represents	
  a	
  cut-­‐off	
  for	
  strong	
  
correlation	
  profiles	
  to	
  the	
  relative	
  mRNA	
  expression	
  profile	
  of	
  GFAP.	
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  Furthermore,	
  the	
  identification	
  of	
  a	
  specific	
  set	
  of	
  genes	
  within	
  the	
  GFAP	
  cluster	
  suggests	
  a	
  

constellation	
  of	
  genes	
  related	
  to	
  astroglial	
  activation.	
  Though	
  the	
  specificity	
  of	
  the	
  indicated	
  

gene	
  constellation	
  for	
  characterizing	
  the	
  degree	
  of	
  astroglial	
  activity	
  is	
  as	
  yet	
  unknown,	
  the	
  

results	
  presented	
  show	
  that	
  the	
  same	
  group	
  of	
  genes	
  delineates	
  astroglial	
  activation	
  in	
  both	
  the	
  

acute	
  and	
  chronic	
  recovery	
  time-­‐courses	
  of	
  cuprizone	
  demyelination.	
  The	
  extent	
  of	
  astroglial	
  

activity	
  in	
  both	
  these	
  cuprizone	
  ingestion	
  time-­‐courses	
  likely	
  occurs	
  to	
  the	
  same	
  degree,	
  termed	
  

severe	
  diffuse	
  reactive	
  astrogliosis	
  without	
  compact	
  glial	
  scarring	
  (Sofroniew	
  and	
  Vinters	
  2010,	
  

Figures	
  2-­‐7).	
  The	
  custom	
  gene	
  microarray	
  analysis	
  with	
  RT-­‐QPCR	
  of	
  cuprizone	
  ingestion	
  time-­‐

courses	
  conducted	
  in	
  this	
  work	
  further	
  supports	
  this	
  characterization	
  of	
  the	
  extent	
  of	
  astroglial	
  

activation.	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  quantification	
  of	
  relative	
  mRNA	
  expression	
  indirectly	
  correlates	
  with	
  protein	
  level	
  

expression,	
  as	
  genes	
  must	
  first	
  be	
  transcribed	
  via	
  mRNA	
  transcripts	
  before	
  proteins	
  are	
  

expressed.	
  The	
  temporal	
  relationship	
  between	
  gene	
  transcription	
  and	
  protein	
  expression	
  varies	
  

between	
  genes	
  (Yosef	
  and	
  Regev,	
  2011).	
  Therefore,	
  validation	
  of	
  protein	
  expression	
  is	
  

necessary	
  to	
  interpret	
  the	
  functional	
  meaning	
  of	
  changes	
  in	
  relative	
  fold	
  mRNA	
  expression.	
  In	
  

this	
  work,	
  the	
  expression	
  of	
  several	
  proteins	
  indicated	
  on	
  the	
  custom	
  microarray	
  as	
  potentially	
  

being	
  involved	
  with	
  astroglial	
  activation	
  is	
  validated	
  using	
  immunohistochemistry.	
  First,	
  the	
  

relative	
  increase	
  in	
  the	
  mRNA	
  expression	
  profile	
  of	
  GFAP	
  throughout	
  the	
  course	
  of	
  cuprizone	
  

(Table	
  1,	
  2,	
  row	
  1)	
  corresponds	
  with	
  GFAP	
  immunostaining	
  throughout	
  the	
  cuprizone	
  ingestion	
  

time-­‐course	
  (Figure	
  3).	
  This	
  shows	
  that	
  increases	
  in	
  GFAP	
  mRNA	
  relative	
  fold	
  expression	
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induced	
  by	
  cuprizone	
  ingestion	
  results	
  in	
  GFAP	
  protein	
  expression	
  throughout	
  the	
  cuprizone	
  

ingestion	
  time-­‐course.	
  

	
  	
  	
  	
  	
  	
  	
  	
  Second,	
  relative	
  increases	
  in	
  fold	
  mRNA	
  expression	
  levels	
  of	
  vimentin	
  also	
  occur	
  

throughout	
  the	
  cuprizone	
  ingestion	
  time-­‐course,	
  except	
  at	
  the	
  chronic	
  recovery	
  time-­‐point	
  

(Table	
  2,	
  row	
  9).	
  Despite	
  lack	
  of	
  increases	
  in	
  relative	
  mRNA	
  expression	
  for	
  vimentin	
  at	
  the	
  

chronic	
  recovery	
  time-­‐period,	
  immunostaining	
  for	
  vimentin	
  is	
  evident	
  at	
  this	
  time-­‐point	
  

compared	
  to	
  control	
  tissue	
  (Figure	
  4).	
  This	
  suggests	
  that	
  vimentin	
  protein	
  levels	
  remain	
  

elevated	
  throughout	
  the	
  course	
  of	
  cuprizone	
  ingestion,	
  even	
  though	
  active	
  vimentin	
  mRNA	
  

transcription	
  may	
  cease	
  upon	
  removal	
  of	
  cuprizone	
  from	
  the	
  diet.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Third,	
  immunostaining	
  for	
  CSPG	
  proteins	
  shows	
  that	
  there	
  CSPG	
  expression	
  persists	
  into	
  

the	
  recovery	
  period	
  after	
  chronic	
  cuprizone	
  ingestion	
  in	
  the	
  CC	
  of	
  mice	
  throughout	
  the	
  

cuprizone	
  ingestion	
  time-­‐course	
  (Figure	
  5).	
  Correspondingly,	
  ptprz1	
  relative	
  mRNA	
  gene	
  

expression	
  shows	
  increases	
  throughout	
  the	
  cuprizone	
  ingestion	
  time-­‐course,	
  except	
  at	
  12	
  

weeks	
  chronic	
  demyelination	
  (Table	
  1,	
  row	
  20,	
  Table	
  2,	
  row	
  20).	
  Ptprz1	
  codes	
  for	
  phosphacan,	
  a	
  

growth-­‐inhibitory	
  CSPG	
  that	
  can	
  be	
  secreted	
  by	
  astrocytes.	
  Therefore,	
  the	
  relative	
  increases	
  of	
  

ptprz1	
  mRNA	
  expression	
  (Table	
  1,	
  row	
  20,	
  Table	
  2,	
  row	
  20)	
  could	
  partially	
  explain	
  the	
  observed	
  

CSPG	
  immunostaining	
  (Figure	
  5),	
  as	
  increased	
  phosphacan	
  mRNA	
  transcription	
  and	
  subsequent	
  

phosphacan	
  protein	
  expression	
  would	
  be	
  expected	
  to	
  be	
  detected	
  with	
  CSPG	
  immunostaining.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Fourth,	
  the	
  relative	
  mRNA	
  expression	
  of	
  fibronectin	
  (Fn1)	
  increases	
  only	
  at	
  3	
  weeks	
  

cuprizone	
  ingestion	
  (Table	
  1,	
  row	
  18,	
  Table	
  2,	
  row	
  15)	
  and	
  at	
  9	
  weeks	
  of	
  cuprizone	
  ingestion	
  

(Table	
  2,	
  row	
  15),	
  whereas	
  fibronectin	
  immunostaining	
  is	
  evident	
  at	
  both	
  acute	
  (6)	
  and	
  chronic	
  



65	
  
	
  

65	
  
	
  

(12)	
  cuprizone	
  ingestion	
  time-­‐points	
  (Figure	
  6).	
  This	
  suggests	
  a	
  delayed	
  temporal	
  relationship	
  

between	
  increases	
  in	
  relative	
  mRNA	
  expression	
  and	
  subsequent	
  protein	
  expression	
  for	
  

fibronectin,	
  such	
  that	
  significant	
  increases	
  in	
  fold	
  mRNA	
  transcription	
  levels	
  as	
  observed	
  at	
  3	
  

weeks	
  of	
  cuprizone	
  ingestion	
  for	
  fibronectin,	
  is	
  indirectly	
  evident	
  via	
  observable	
  fibronectin	
  

protein	
  immunostaining	
  3	
  weeks	
  later	
  at	
  the	
  acute	
  cuprizone	
  demyelination	
  time-­‐point.	
  

Additionally,	
  the	
  fibronectin	
  immunostaining	
  observed	
  after	
  chronic	
  (12)	
  cuprizone	
  ingestion	
  

(Figure	
  6)	
  could	
  reflect	
  both	
  persistent	
  fibronectin	
  protein	
  expression	
  after	
  initial	
  (3	
  week	
  

cuprizone)	
  mRNA	
  relative	
  fold	
  expression	
  level	
  increases	
  (Table1,	
  row	
  18,	
  Table	
  2,	
  row	
  15),	
  as	
  

well	
  as	
  additional	
  fibronectin	
  protein	
  expression	
  resulting	
  from	
  significant	
  increases	
  of	
  relative	
  

fibronectin	
  mRNA	
  fold	
  expression	
  levels	
  after	
  9	
  weeks	
  of	
  cuprizone	
  ingestion	
  (Table	
  2,	
  row	
  15).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Fifth,	
  lack	
  of	
  collagen	
  staining	
  even	
  after	
  chronic	
  cuprizone	
  demyelination,	
  is	
  not	
  only	
  

apparent	
  with	
  histopathological	
  staining	
  (Figure	
  7),	
  but	
  is	
  reflected	
  in	
  the	
  custom	
  gene	
  array	
  

analysis	
  as	
  well.	
  Since	
  the	
  relative	
  mRNA	
  expression	
  pattern	
  of	
  col8a2,	
  the	
  gene	
  encoding	
  a	
  

collagen	
  variant,	
  does	
  not	
  cluster	
  with	
  GFAP	
  mRNA	
  expression	
  profile	
  for	
  astrocytic-­‐related	
  

genes	
  (Figure	
  8),	
  collagen	
  expression	
  is	
  not	
  expected	
  to	
  correlate	
  with	
  astroglial	
  activation	
  in	
  

cuprizone	
  induced	
  demyelination.	
  Though	
  col8a2	
  relative	
  mRNA	
  expression	
  changes	
  through	
  

the	
  course	
  of	
  cuprizone	
  ingestion	
  (Figure	
  8),	
  the	
  relative	
  mRNA	
  expression	
  level	
  change	
  is	
  only	
  

significantly	
  different	
  from	
  control	
  mRNA	
  expression	
  of	
  col8a2	
  at	
  the	
  6+3,	
  6+6,	
  12	
  and	
  12+3	
  

cuprizone	
  ingestion	
  time-­‐points.	
  Furthermore,	
  the	
  magnitude	
  of	
  the	
  relative	
  mRNA	
  expression	
  

of	
  col8a2	
  at	
  the	
  time-­‐points	
  indicated	
  (2.17	
  +/-­‐	
  0.22	
  for	
  6+3,	
  2.51	
  +/-­‐	
  0.08	
  for	
  6+6,	
  2.24	
  +/-­‐	
  0.12	
  

for	
  12,	
  3.34	
  +/-­‐	
  0.22	
  for	
  12+3)	
  is	
  modest,	
  suggesting	
  little	
  eventual	
  change	
  in	
  protein	
  expression	
  

levels,	
  which	
  is	
  observed	
  (Figure	
  7).	
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  Taken	
  together	
  these	
  observations	
  show	
  the	
  validity	
  of	
  characterizing	
  astrogliosis	
  with	
  RT-­‐

QPCR	
  techniques	
  in	
  the	
  cuprizone	
  model.	
  Furthermore,	
  the	
  relative	
  mRNA	
  expression	
  levels	
  

observed	
  correspond	
  with	
  the	
  observed	
  expression	
  of	
  various	
  proteins	
  and	
  also	
  the	
  specific	
  

clustering	
  of	
  genes	
  as	
  following	
  the	
  GFAP	
  relative	
  mRNA	
  expression	
  profile	
  suggests	
  that	
  the	
  

extent	
  of	
  astroglial	
  activity	
  during	
  cuprizone	
  demyelination	
  can	
  be	
  characterized	
  as	
  severe	
  

reactive	
  astrogliosis	
  without	
  compact	
  glial	
  scar	
  formation.	
  Using	
  GFAP	
  clustering	
  to	
  indicate	
  a	
  

constellation	
  of	
  astroglial-­‐related	
  	
  genes	
  (Figure	
  8)	
  not	
  only	
  validates	
  the	
  expression	
  of	
  known	
  

astroglial-­‐related	
  genes,	
  such	
  as	
  GFAP	
  and	
  vimentin,	
  but	
  also	
  points	
  out	
  the	
  potential	
  

importance	
  of	
  other	
  genes,	
  such	
  as	
  FGF2	
  and	
  tenascin-­‐C	
  (Tnc)	
  whose	
  relationship	
  to	
  astroglial	
  

activation	
  are	
  less	
  well	
  characterized.	
  Moreover,	
  identification	
  of	
  such	
  genes	
  demonstrates	
  a	
  

potential	
  avenue	
  for	
  regulation	
  of	
  the	
  OL	
  response	
  to	
  demyelination,	
  as	
  both	
  FGF2	
  (Armstrong	
  

et	
  al.,	
  2002;	
  Murtie	
  et	
  al.,	
  2005a;	
  Zhou	
  et	
  al.,	
  2006)	
  and	
  tenascin-­‐C	
  (Gutowski	
  et	
  al.,	
  1999;	
  Holley	
  

et	
  al.,	
  2003;	
  Garwood	
  et	
  al.,	
  2004)	
  have	
  been	
  shown	
  to	
  affect	
  OL	
  cell	
  differentiation	
  with	
  a	
  

possible	
  role	
  in	
  the	
  context	
  of	
  MS	
  lesions.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  To	
  further	
  expand	
  on	
  this	
  point,	
  Figure	
  9	
  shows	
  the	
  Pearson	
  correlation	
  coefficient	
  for	
  the	
  

relative	
  mRNA	
  expression	
  profile	
  of	
  each	
  gene	
  to	
  its	
  respective	
  GFAP	
  relative	
  mRNA	
  expression	
  

profile.	
  That	
  is,	
  each	
  dot	
  on	
  the	
  graph	
  represents	
  to	
  correlation	
  of	
  that	
  gene’s	
  relative	
  mRNA	
  

expression	
  profile	
  to	
  the	
  GFAP	
  relative	
  mRNA	
  expression	
  profile	
  within	
  that	
  particular	
  time-­‐

course	
  (Figure	
  9).	
  The	
  only	
  two	
  genes	
  whose	
  relative	
  mRNA	
  expression	
  profile	
  does	
  not	
  have	
  a	
  

strong	
  correlation	
  with	
  GFAP	
  are	
  Sox9	
  and	
  NgfR	
  (Figure	
  9).	
  Both	
  these	
  genes	
  are	
  the	
  last	
  row	
  of	
  

either	
  the	
  acute	
  (Sox9)	
  or	
  chronic	
  (NgfR)	
  cuprizone	
  ingestion	
  recovery	
  time-­‐courses.	
  This	
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suggests	
  that	
  the	
  clustering	
  algorithm	
  is	
  viable	
  and	
  efficiently	
  selected	
  genes	
  most	
  closely	
  

resembling	
  the	
  expression	
  profile	
  of	
  GFAP	
  relative	
  mRNA	
  expression.	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  addition	
  to	
  further	
  validating	
  the	
  fidelity	
  of	
  the	
  clustering	
  algorithm,	
  Figure	
  9	
  also	
  points	
  

out	
  two	
  types	
  of	
  relationships	
  for	
  genes	
  within	
  the	
  GFAP	
  cluster.	
  First,	
  there	
  are	
  genes	
  that	
  

have	
  nearly	
  the	
  same	
  correlation	
  coefficient	
  for	
  both	
  the	
  acute	
  and	
  chronic	
  cuprizone	
  ingestion	
  

time-­‐courses.	
  Examples	
  of	
  such	
  genes	
  include	
  vimentin	
  (vim),	
  Fgf2,	
  Il1b,	
  nestin	
  (nes),	
  tenasicin	
  c	
  

(tnc)	
  and	
  phosphacan	
  (ptprz1).	
  The	
  importance	
  of	
  these	
  genes	
  is	
  that	
  they	
  follow	
  the	
  relative	
  

mRNA	
  expression	
  profile	
  of	
  GFAP	
  similarly	
  between	
  time-­‐courses.	
  This	
  means	
  that	
  this	
  

particular	
  group	
  of	
  genes	
  might	
  lend	
  themselves	
  to	
  astrocytic	
  manipulation.	
  That	
  is,	
  

manipulating	
  the	
  GFAP	
  promoter	
  could	
  influence	
  this	
  group	
  of	
  genes	
  during	
  both	
  the	
  acute	
  and	
  

chronic	
  cuprizone	
  ingestion	
  time-­‐courses.	
  

	
  	
  	
  	
  	
  	
  	
  	
  Conversely,	
  the	
  other	
  group	
  of	
  genes	
  highlighted	
  by	
  Figure	
  9	
  is	
  the	
  group	
  of	
  genes	
  that	
  has	
  

differential	
  correlations	
  to	
  the	
  GFAP	
  relative	
  mRNA	
  profile	
  expression.	
  Examples	
  within	
  this	
  

group	
  of	
  genes	
  include	
  transforming	
  growth	
  factor	
  beta	
  receptor	
  (Tgfbr)1,	
  (Tgfbr)2,	
  

lymphotoxin	
  beta	
  recptor	
  (Ltbr),	
  Axl	
  and	
  bone	
  morphogenetic	
  factor	
  (Bmp)4.	
  The	
  significance	
  of	
  

this	
  group	
  of	
  genes	
  is	
  that	
  they	
  tend	
  to	
  follow	
  the	
  acute	
  relative	
  mRNA	
  expression	
  profile	
  for	
  

GFAP	
  more	
  closely	
  than	
  the	
  chronic	
  profile.	
  This	
  means	
  that	
  this	
  particular	
  group	
  of	
  genes	
  

exemplifies	
  a	
  pattern	
  of	
  expression	
  different	
  from	
  GFAP	
  at	
  the	
  chronic	
  stages	
  of	
  cuprizone	
  

ingestion.	
  Furthermore,	
  this	
  implies	
  that	
  differential	
  OL	
  responses	
  within	
  the	
  cuprizone	
  

ingestion	
  paradigm	
  between	
  acute	
  and	
  chronic	
  cuprizone	
  ingestion,	
  is	
  more	
  likely	
  due	
  to	
  this	
  

group	
  of	
  genes.	
  One	
  caveat	
  to	
  this	
  statement	
  is	
  that	
  these	
  are	
  only	
  the	
  astroglial-­‐related	
  genes.	
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There	
  are	
  other	
  genes	
  that	
  have	
  less	
  similar	
  profiles	
  to	
  GFAP	
  and	
  might	
  more	
  responsible	
  for	
  

the	
  differential	
  OL	
  response	
  through	
  the	
  cuprizone	
  ingestion	
  paradigm.	
  Nevertheless,	
  the	
  

influence	
  of	
  astroglial	
  activation	
  on	
  the	
  differential	
  OL	
  response	
  to	
  demyelination	
  would	
  be	
  

most	
  likely	
  due	
  to	
  these	
  genes	
  as	
  opposed	
  to	
  any	
  others.	
  	
  	
  	
  	
  	
  	
  

Other	
  cell	
  type	
  effects	
  on	
  remyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  Another	
  caveat	
  to	
  the	
  findings	
  of	
  this	
  study	
  is	
  that	
  astrocytes	
  are	
  not	
  the	
  only	
  cell	
  type	
  

capable	
  of	
  contributing	
  to	
  the	
  OL	
  response	
  to	
  demyelination.	
  The	
  genes	
  examined	
  in	
  this	
  work	
  

for	
  the	
  most	
  part	
  were	
  selected	
  to	
  be	
  representative	
  of	
  factors	
  somehow	
  associated	
  with	
  either	
  

astrocytes	
  or	
  oligodendrocytes.	
  The	
  GFAP	
  clustering	
  shows	
  which	
  genes	
  selected	
  are	
  most	
  likely	
  

associated	
  with	
  astrocytes	
  and	
  the	
  OL	
  response.	
  However,	
  astrocytes	
  populate	
  demyelinated	
  

cuprizone	
  lesions	
  around	
  three	
  weeks	
  of	
  cuprizone	
  ingestion	
  (Matsushima	
  and	
  Morell,	
  2001).	
  

Microglia/macrophages	
  populate	
  the	
  same	
  cuprizone	
  lesion	
  area	
  about	
  the	
  same	
  time,	
  possibly	
  

a	
  little	
  earlier	
  (Matsushima	
  and	
  Morell,	
  2001).	
  While	
  the	
  number	
  of	
  astrocytes	
  within	
  the	
  lesion	
  

area	
  tends	
  to	
  stay	
  elevated	
  with	
  more	
  chronic	
  cuprizone	
  feeding,	
  the	
  number	
  of	
  

microglia/macrophages	
  tends	
  to	
  decrease	
  with	
  longer	
  time-­‐periods	
  of	
  cuprizone	
  ingestion	
  (Xie	
  

et	
  al.,	
  2010).	
  The	
  implication	
  of	
  this	
  observation	
  is	
  that	
  some	
  of	
  astrocyte-­‐related	
  gene	
  

regulation	
  observed	
  could	
  actually	
  be	
  a	
  product	
  of	
  activated	
  microglia/macrophages.	
  

Particularly,	
  the	
  genes	
  that	
  show	
  a	
  differential	
  Pearson	
  correlation	
  with	
  the	
  GFAP	
  cluster	
  

(Figure	
  9)	
  are	
  the	
  best	
  candidates	
  for	
  microglia/macrophage	
  regulation	
  as	
  opposed	
  to	
  astroglial	
  

regulation.	
  This	
  is	
  because	
  those	
  genes	
  with	
  the	
  most	
  similar	
  Pearson	
  correlation	
  to	
  GFAP	
  by	
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definition	
  follow	
  the	
  relative	
  mRNA	
  expression	
  profile	
  of	
  GFAP.	
  The	
  genes	
  with	
  a	
  different	
  

Pearson	
  correlation	
  to	
  GFAP	
  are	
  likely	
  influenced	
  by	
  factors	
  other	
  than	
  just	
  astrocytes.	
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Chapter	
  V:	
  Development	
  and	
  testing	
  a	
  targeted	
  non-­‐invasive	
  assay	
  	
  

for	
  mouse	
  demyelination	
  that	
  can	
  be	
  used	
  in	
  longitudinal	
  studies	
  

	
  to	
  assess	
  repair	
  

Introduction/Rationale	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  goal	
  of	
  the	
  work	
  presented	
  pertaining	
  to	
  aim	
  three,	
  the	
  development	
  and	
  testing	
  of	
  a	
  

non-­‐invasive	
  behavioral	
  assay	
  to	
  detect	
  mouse	
  demyelination	
  status	
  is	
  fourfold.	
  The	
  first	
  goal	
  is	
  

to	
  determine	
  the	
  applicability	
  of	
  behavioral	
  testing	
  in	
  longitudinal	
  studies,	
  especially	
  as	
  relevant	
  

to	
  recovery	
  of	
  function	
  and	
  remyelination.	
  That	
  is,	
  to	
  establish	
  whether	
  targeted	
  behavioral	
  

testing	
  is	
  suited	
  for	
  long-­‐term	
  analyses	
  of	
  the	
  same	
  mice	
  throughout	
  the	
  course	
  of	
  

demyelination	
  and	
  subsequent	
  recovery.	
  The	
  second	
  goal	
  is	
  to	
  determine	
  the	
  sensitivity	
  of	
  the	
  

behavioral	
  testing	
  for	
  use	
  among	
  small	
  cohorts,	
  as	
  is	
  feasible	
  for	
  remyelination	
  studies.	
  That	
  is,	
  

is	
  the	
  behavioral	
  paradigm	
  tested	
  robust	
  enough	
  to	
  detect	
  changes	
  in	
  demyelination	
  status	
  

even	
  with	
  small	
  numbers	
  of	
  mice.	
  The	
  third	
  goal	
  is	
  to	
  determine	
  the	
  ability	
  to	
  detect	
  continued	
  

effects	
  during	
  chronic	
  demyelination.	
  That	
  is,	
  to	
  ascertain	
  whether	
  the	
  behavioral	
  paradigm	
  can	
  

detect	
  deficits	
  associated	
  with	
  demyelination	
  status	
  even	
  after	
  prolonged	
  injury.	
  The	
  fourth	
  

goal	
  is	
  to	
  assess	
  motor	
  and	
  non-­‐motor	
  modalities,	
  preferably	
  without	
  interference	
  between	
  

measures	
  to	
  allow	
  evaluation	
  using	
  both	
  assays	
  in	
  a	
  given	
  mouse.	
  That	
  is,	
  to	
  establish	
  a	
  

complementary	
  behavioral	
  paradigm	
  in	
  which	
  demyelination	
  status	
  corresponds	
  to	
  two	
  

independent	
  behavioral	
  measures	
  that	
  can	
  be	
  used	
  in	
  conjunction	
  when	
  establishing	
  the	
  

demyelination	
  status	
  of	
  a	
  particular	
  mouse.	
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Materials	
  and	
  Methods	
  

Mice	
  

	
  	
  	
  	
  	
  	
  	
  	
  Young	
  adult	
  male	
  C57Bl/6	
  mice	
  were	
  provided	
  from	
  Jackson	
  Laboratories	
  (Bar	
  Harbor	
  ME)	
  

at	
  6	
  weeks	
  of	
  age	
  and	
  housed	
  singly	
  on-­‐site	
  in	
  the	
  animal	
  facility	
  according	
  to	
  the	
  guidelines	
  of	
  

the	
  National	
  Institutes	
  of	
  Health	
  and	
  the	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  of	
  

USUHS.	
  All	
  mice	
  were	
  kept	
  on	
  a	
  12	
  hour	
  light/dark	
  cycle	
  (0600-­‐1800	
  light;	
  1800-­‐0600	
  dark)	
  in	
  

cages	
  that	
  measure	
  23.62	
  x	
  35.3	
  x	
  19.56	
  cm.	
  

Cuprizone	
  Timeline	
  

	
  	
  	
  	
  	
  	
  	
  	
  To	
  induce	
  demyelination	
  mice	
  were	
  fed	
  cuprizone	
  as	
  detailed	
  previously	
  (Chapter	
  II,	
  

cuprizone	
  experimental	
  demyelination).	
  For	
  analysis	
  of	
  acute	
  demyelination	
  mice	
  were	
  

sacrificed	
  after	
  6	
  weeks	
  of	
  continuous	
  cuprizone	
  ingestion.	
  For	
  analysis	
  of	
  chronic	
  

demyelination	
  mice	
  were	
  sacrificed	
  after	
  12	
  weeks	
  of	
  continuous	
  cuprizone	
  ingestion.	
  For	
  

analysis	
  of	
  recovery	
  from	
  acute	
  demyelination,	
  mice	
  were	
  sacrificed	
  after	
  6	
  weeks	
  continuous	
  

cuprizone	
  ingestion	
  followed	
  by	
  a	
  subsequent	
  6	
  week	
  recovery	
  period	
  on	
  normal	
  chow.	
  

Behavioral	
  Timeline	
  

	
  	
  	
  	
  	
  	
  	
  	
  Mouse cohorts were followed longitudinally to compare behavioral performance within 

subjects in addition to the comparison between subjects. No overt neurological deficits were 

apparent in treated or non-treated mice. Mice were weighed at the beginning of each week of 

analysis (0, 6, and 12 weeks of treatment or matched no treatment controls). For the respective 0, 

6, and 12 week cuprizone time points, the weights (in grams ± s.d.) for non-treated mice were 
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24.40 ± 1.21, 26.95 ± 1.94, and 28.37 ± 1.66 while the respective weights for cuprizone-treated 

mice were 22.42 ± 1.50, 23.28 ± 1.20, and 24.07 ± 0.96 (0 week, p>0.05; 6 week, p<0.001; 12 

week, p<0.001; two way ANOVA). 

Bilateral	
  sensorimotor	
  limb	
  coordination:	
  Complex	
  Wheel	
  Running	
  Assay	
  

	
  	
  	
  	
  	
  	
  	
  	
  A running assay using wheels with irregularly spaced rungs has been shown to detect 

functional differences in mice with surgical transection of the corpus callosum (Schalomon and 

Wahlsten, 2002) and with cuprizone acute demyelination (Liebetantz and Merkler, 2006). These 

methods were modified to test the application of this assessment for use in longitudinal studies, 

especially with small cohorts as is feasible for remyelination studies, for detection of continued 

effects during chronic demyelination, and for use in conjunction with an assessment of non-

motor modalities (social interaction assay – see below). Cohorts of mice were housed in cages 

equipped with an optical sensor to detect the number of wheel revolutions per time interval 

(Lafayette Instruments, Lafayette IN).  A training wheel with all 38 rungs intact was present in 

the cages for 2 weeks to normalize running behavior. On the third week, mice were introduced to 

the “complex” wheel with 22 rungs missing at intervals according to the pattern shown (Figure 

10A). After the third week, the running wheel was removed from the cage. This cycle of two 

weeks on the training wheel and one week on the complex wheel has been referred to as a motor 

skills sequence (MOSS) (Liebetantz and Merkler, 2006).  This 3 week sequence was carried out 

prior to the start of cuprizone and then repeated for the acute, chronic, and recovery time points 

(Figure 10B). Age, weight and sex-matched control mice were treated identically, but did not 

have cuprizone in the chow pellets. Using the Activity Wheel Monitoring Software, wheel 

revolutions were recorded throughout 10 minute intervals during the light phase, when mice 

were relatively inactive, and throughout one minute intervals during the more active dark phase. 
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Data from each 24 hour period were exported to a Microsoft Excel file in which total distance 

run, maximum velocity among daily runs, number of runs, and maximum run interval (i.e. 

duration of run) were calculated. A total of 29 mice were tested of which 9 were age matched 

controls. Of the 20 cuprizone treated mice tested, each was tested prior to the beginning of 

cuprizone feeding in order to serve as a within subjects control. All mice showed spontaneous 

running activity so that none were excluded on this basis, in contrast to the study by Liebetantz 

and Merkler (2006). 
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Figure	
  10.	
  Mice	
  with	
  cuprizone	
  induced	
  demyelination	
  can	
  be	
  distinguished	
  using	
  complex	
  

wheel	
  activity	
  that	
  challenges	
  bilateral	
  sensorimotor	
  coordination.	
  A:	
  Home	
  cages	
  were	
  

equipped	
  with	
  either	
  a	
  training	
  wheel	
  (all	
  rungs	
  in	
  place)	
  or	
  a	
  complex	
  wheel	
  (one	
  or	
  two	
  rungs	
  

removed	
  in	
  an	
  alternating	
  pattern).	
  	
  B:	
  Time	
  line	
  showing	
  availability	
  of	
  training	
  wheel	
  (T)	
  or	
  

complex	
  wheel	
  (C)	
  in	
  the	
  cages.	
  Each	
  set	
  of	
  wheel	
  availability	
  consisted	
  of	
  one	
  week	
  on	
  the	
  

training	
  wheel	
  to	
  stabilize	
  the	
  behavior,	
  a	
  second	
  week	
  on	
  the	
  training	
  wheel	
  to	
  record	
  values,	
  

and	
  a	
  subsequent	
  week	
  on	
  the	
  complex	
  wheel.	
  	
  Wheel	
  sets	
  were	
  scheduled	
  so	
  that	
  the	
  complex	
  

wheel	
  period	
  ended	
  at	
  the	
  start	
  of	
  cuprizone	
  feeding	
  (0	
  week,	
  blue),	
  at	
  the	
  end	
  of	
  the	
  acute	
  

demyelination	
  phase	
  (6	
  week,	
  red),	
  at	
  the	
  end	
  of	
  the	
  chronic	
  demyelination	
  phase	
  (12	
  week,	
  

red),	
  or	
  at	
  the	
  end	
  of	
  the	
  6-­‐week	
  period	
  for	
  recovery	
  following	
  acute	
  demyelination	
  (Recovery,	
  

green).	
  C-­‐F:	
  The	
  maximum	
  velocity	
  (Vmax)	
  recorded	
  is	
  shown	
  for	
  each	
  24	
  hr	
  period.	
  Each	
  graph	
  

shows	
  the	
  second	
  week	
  of	
  activity	
  on	
  the	
  training	
  wheel	
  (day	
  8-­‐14)	
  and	
  the	
  subsequent	
  week	
  

on	
  the	
  complex	
  wheel	
  (day	
  15-­‐21).	
  C-­‐E:	
  An	
  example	
  from	
  a	
  matched	
  set	
  of	
  six	
  mice	
  separated	
  

into	
  two	
  cohorts	
  of	
  three	
  mice	
  for	
  cuprizone	
  treatment	
  and	
  three	
  non-­‐treated	
  mice.	
  On	
  the	
  

training	
  wheel,	
  Vmax	
  values	
  are	
  not	
  significantly	
  different	
  (p>0.05)	
  between	
  non-­‐treated	
  mice	
  

and	
  those	
  fed	
  cuprizone	
  for	
  any	
  conditions	
  tested.	
  	
  On	
  the	
  complex	
  wheel,	
  Vmax	
  values	
  are	
  not	
  

significantly	
  different	
  prior	
  to	
  the	
  start	
  of	
  cuprizone	
  (C;	
  p>0.05)	
  but	
  are	
  significantly	
  decreased	
  

during	
  week	
  6	
  of	
  cuprizone	
  feeding	
  (D;	
  p<0.0001)	
  and	
  continue	
  to	
  be	
  significantly	
  lower	
  during	
  

week	
  12	
  of	
  continuous	
  cuprizone	
  feeding	
  (E;	
  p<0.0001).	
  When	
  assessed	
  in	
  parallel	
  with	
  the	
  

same	
  mice	
  followed	
  longitudinally,	
  the	
  complex	
  wheel	
  Vmax	
  distinguishes	
  treated	
  from	
  non-­‐

treated	
  mice	
  with	
  this	
  small	
  cohort	
  size.	
  F:	
  An	
  example	
  of	
  a	
  cohort	
  of	
  six	
  mice	
  followed	
  

longitudinally	
  to	
  test	
  the	
  effect	
  of	
  a	
  recovery	
  period	
  that	
  should	
  correlate	
  with	
  significant	
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remyelination.	
  No	
  significant	
  differences	
  in	
  Vmax	
  were	
  observed	
  on	
  the	
  training	
  wheel	
  within	
  

the	
  cohort	
  across	
  disease	
  stages	
  (p>0.05).	
  On	
  the	
  complex	
  wheels,	
  compared	
  to	
  the	
  values	
  prior	
  

to	
  the	
  start	
  of	
  cuprizone	
  (blue,	
  0	
  week),	
  the	
  mice	
  treated	
  with	
  cuprizone	
  for	
  6	
  weeks	
  had	
  

significantly	
  reduced	
  Vmax	
  values	
  both	
  during	
  week	
  6	
  of	
  cuprizone	
  feeding	
  (red	
  vs	
  blue;	
  p<0.01)	
  

and	
  during	
  week	
  6	
  of	
  the	
  recovery	
  period	
  following	
  cuprizone	
  treatment	
  (green	
  vs	
  blue;	
  

p<0.01).	
  Therefore,	
  during	
  remyelination,	
  the	
  complex	
  wheel	
  Vmax	
  still	
  detected	
  a	
  significant	
  

difference	
  among	
  mice	
  that	
  had	
  experienced	
  an	
  episode	
  of	
  demyelination.	
  Figure	
  from	
  (Hibbits	
  

et	
  al.,	
  2009).	
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Social	
  Interaction:	
  Resident-­‐Intruder	
  Assay	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  As a broad screen of activities, the resident-intruder assay (Bolivar et al., 2007) was 

modified to use video recording to quantify all distinct behaviors of cuprizone treated and non-

treated resident mice in the presence and absence of an intruder mouse in combination with 

analysis of movement to assess overall activity level and overt neurological differences. 

Individual cuprizone treated or non-treated C57Bl/6 male mice (with observer blinded to 

treatment category) were placed in a clean plastic housing cage identical to the home cage (23.62 

x 35.3 x 19.56 cm) for 15 minutes to establish each as the “resident” mouse. An age-matched, 

weight-matched non-treated male mouse was introduced as the “intruder” for a second 15-minute 

period. Both 15 minute sessions were video recorded to facilitate scoring of all identifiable 

distinct behaviors. The number of distinct behaviors was scored for the resident mouse (15 

minutes alone; 15 minutes with intruder) and for the intruder mouse (15 minutes with resident).  

	
  	
  	
  	
  	
  	
  	
  	
  The independent behaviors include sniffing the environment, rearing alongside the cage, 

rearing independently, digging, circling clockwise, circling counter-clockwise, allogrooming, 

freezing and scratching. Interactive behaviors include sniffing the other mouse, following, 

grooming, rearing at the other mouse, sitting or laying next to the other mouse, backing or 

running away from the other mouse, biting, boxing or wrestling, mounting, pinning and tail-

rattling. Video files were also analyzed using an ObjectTracker program on ImageJ (Bethesda, 

MD). This analysis yielded Microsoft Excel data files with object coordinates within the cage for 

every one second of video recording. From these data sets the distance traveled for each 15 

minute video recording session was extrapolated. Unpaired t-tests were used to assess 

differences between age-matched cohorts for both independent and interactive behaviors. A total 
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of 46 resident mice (25 cuprizone treated and 21 non-treated matched controls) were examined 

using the resident-intruder assay. 

Analysis	
  of	
  myelination	
  status	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  addition	
  to	
  corpus	
  callosum	
  myelination	
  (described	
  in	
  Chapter	
  II),	
  the	
  quantification	
  of	
  

cerebral	
  cortex	
  myelination	
  was	
  estimated	
  from	
  MOG	
  immunofluorescence	
  in	
  the	
  same	
  tissue	
  

sections	
  used	
  for	
  CC	
  analysis.	
  Pixel	
  intensity	
  values	
  were	
  normalized	
  between	
  sections	
  by	
  

thresholding	
  to	
  distinguish	
  myelinated	
  cortical	
  radiation	
  fibers	
  in	
  the	
  cortex.	
  The	
  percent	
  area	
  

of	
  the	
  cortex	
  (over	
  the	
  CC	
  from	
  the	
  midline	
  unilaterally	
  to	
  over	
  the	
  apex	
  of	
  the	
  cingulum)	
  with	
  

MOG	
  immunoreactivity	
  above	
  the	
  threshold	
  level	
  was	
  then	
  used	
  as	
  an	
  estimate	
  of	
  the	
  

myelinated	
  area.	
  	
  

Statistical	
  analysis	
  

	
  	
  	
  	
  	
  	
  	
  	
  For each experimental approach, each category analyzed included three or more mice per 

condition. Analysis of tissue sections included at least three sections per mouse. Prism 5.0 

(GraphPad Software, San Diego, CA) was used for statistical analyses. Unpaired t-tests were 

used to assess differences between age-matched cohorts for a single time point. One-way 

ANOVA with post hoc Tukey’s multiple comparison was used to determine significant 

differences across time points. Two-way ANOVA with post hoc Tukey’s multiple comparisons 

was used for analysis across time points and treatments. Statistical significance was determined 

as p < 0.05. 

Results	
  

Complex	
  wheel	
  assay	
  of	
  bilateral	
  sensorimotor	
  coordination	
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  Although the CC is a common site for analysis of demyelination and remyelination for many 

reasons, including those noted above, these analyses are constrained by the lack of a measure of 

CC function that can be applied in longitudinal studies to monitor the effect of demyelination as 

well as to functionally evaluate manipulations to promote remyelination. Cuprizone ingestion 

results in widespread, reproducible demyelination of the CC in mice (Matsushima and Morell, 

2001; Mason et al., 2001; Armstrong et al., 2002, 2006) making the cuprizone model ideal for 

testing functional behavioral correlates of CC myelination status. A complex wheel assessment 

that incorporates irregularly spaced wheel rungs was selected for longitudinal analysis of CC 

function because of the required integration of sensory and motor information bilaterally in a 

non-uniform pattern, which would reduce the influence of pattern-generating spinal cord 

locomotion expected to correspond with uniform or rhythmic movements (Figure 910, B). 

Differences detected with the complex wheel assay have been previously correlated with surgical 

transection of the CC (Schlamomon and Wahlsten, 2002) and with acute (6 week) cuprizone 

treatment (Liebetantz and Merkler, 2006). 

	
  	
  	
  	
  	
  	
  	
  	
  The parameters recorded daily from the wheel running behavior included the total number of 

runs, total distance run, maximum run interval, and the maximal running velocity (Vmax). The 

Vmax appeared to be a relevant parameter for the complex wheel differentiation of bilateral 

sensorimotor coordination as shown for a representative cohort of mice in Figure 10C-D. 

Baseline measures of Vmax were recorded on the training wheel and the complex wheel for all 

mice prior to the start of cuprizone treatment. No differences in baseline values were observed 

between the cohorts of mice tested (0 weeks; Figure 10C). Compared to the matched non-treated 

cohort, the treated mice had slower Vmax values on the complex running wheel after both acute 

(6 weeks; p<0.0001) and chronic (12 weeks; p<0.0001) cuprizone ingestion (Figure 10D, E). 
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During the week on the complex wheel the sum of the Vmax values was reduced 24.7% for mice 

fed cuprizone for 6 weeks and 23.7% for mice fed cuprizone for 12 weeks, with each compared 

to the respective matched cohort. These results indicate that the Vmax values exhibit significant 

differences during both acute and chronic stages that are not abrogated from the repeated 

exposure to the complex wheel in these longitudinal studies. Values for the other wheel running 

parameters had greater variability than Vmax and during chronic demyelination did not 

distinguish treated from non-treated mice on the complex wheels (number of runs, p = 0.8369; 

maximum run interval, p > 0.05), with the exception of the total distance run (p < 0.01) which 

had velocity as a contributing factor. Also, on the training wheels, Vmax values were not 

significantly different between the cuprizone treated and non-treated mice throughout the time 

course (Figure 10C-E). Therefore, the complex wheel can detect motor coordination deficits that 

are not apparent with the uniformly spaced rungs on the training wheel. This lack of differences 

on the training wheel also indicates that the cuprizone treatment did not cause an overall 

decrease of interest in the wheel or impair the general ability to run rapidly. 

	
  	
  	
  	
  	
  	
  	
  	
  Mice were also tested longitudinally at time points of before cuprizone (0 week), after acute 

demyelination (6 weeks of cuprizone) and again after a period for recovery (6 weeks on normal 

chow) (Figure 10F). Again, Vmax values on the training wheel were not significantly different 

among mice tested at different disease time points. In contrast, the mice had significantly slower 

Vmax values on the complex wheel at the acute (reduced 11.5%) and recovery (reduced 15.8%) 

time points than at the pre-cuprizone time point (Figure 9F; p<0.01 for each time point). The 

values did not change significantly between the acute and recovery time points on the complex 

wheel (Figure 10F). These findings indicate that Vmax on the complex wheel is sensitive to 

demyelination status both between and within-subjects. Furthermore, the complex wheel Vmax 
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values indicated continued effects on this behavior even after a 6-week period for recovery that 

is typically associated with extensive remyelination, indicating continued neurophysiological 

abnormalities. 

Resident-intruder paradigm for assessment of social interaction 

	
  	
  	
  	
  	
  	
  	
  	
  A social interaction paradigm was tested as a distinct behavioral assessment to complement 

the sensorimotor assessment from the complex wheel assay. The resident-intruder test of social 

interaction (Bolivar et al., 2007) was modified to evaluate overt neurological function and to 

quantify overall activity as well as all distinct behaviors identified for each mouse (Figure 11A). 

The resident mouse was either cuprizone-treated or a non-treated control while the intruder 

mouse was always a non-treated control.  No overt neurological symptoms were observed in any 

of the mice examined during acute or chronic cuprizone treatment. Overall distance traveled 

during the recording period was calculated to determine whether a difference in overall 

movement of the mice may contribute to the increased interactive behaviors observed (Figure 

11B). This analysis of movement showed no difference in total distance traveled between 

cuprizone treated animals and age-matched controls. Across the battery of activities recorded, a 

grouping became apparent in that interactive behaviors were consistently increased in frequency 

among mice with acute demyelination (6 weeks cuprizone) compared to the control cohort. 

Conversely, independent behaviors were consistently less frequent among the mice with acute 

demyelination. 



82	
  
	
  

82	
  
	
  

	
  

c 
200 

175 

"' 150 
Q) 

' (3 
c: 
~ 125 
0' 
~ 
u. 
'E 100 
Q) 

> w 
0 
E 
::J 

(/) 

75 

50 

25 

Independent Behaviors Interactive Behaviors 

Resident Mouse Behavior (with Intruder) 

e No cuprizone independent 
.6. No cuprizone interactive 
e Cuprizone independent 
.6. Cuprizone interactive 

•• . •• • *** 

• 
• 

** 
• 

• 
• 

D 

B 

5 
.E 

" ~ 
"' ;;; 
i5 

6000 • No Cuprizone 

5000 .. Cuprizone 

I I 4000 

3000 I I I i 
2000 ns ns 
1000 

~e ~e ·~V ·:o...V 
c.,'> v.;:; o~ o<:> 
~ ~,:<>'c.-<>' 

Resident 
mouse 

(alone) 

I I I ! ! I 

ns ns ns ns 

~e ~e ·:o...CI ·':'\.V ~e ~e ·:\.V ''!>.." c,'> Cl.;:; o<::' o<:> v.::; v.::> o<:> o<::> 
~ ~c,~c,-<>' ~ ~c,~c,~ 

Resident Intruder 
mouse mouse 

(w~h intruder) (w~h resident) 

- No cuprizone independent c::::J No cuprizone interactive 

- Cuprizone independent c::::J Cuprizone interactive 

Resident 
Mouse 

Resident 
Mouse 

(with intruder) 



83	
  
	
  

83	
  
	
  

Figure	
  11.	
  Mice	
  with	
  cuprizone	
  induced	
  demyelination	
  can	
  be	
  distinguished	
  using	
  the	
  

resident-­‐intruder	
  social	
  interaction	
  paradigm.	
  	
  A:	
  An	
  example	
  of	
  the	
  battery	
  of	
  distinct	
  

behaviors	
  quantified	
  among	
  mice	
  filmed	
  during	
  the	
  period	
  with	
  both	
  a	
  resident	
  mouse	
  (with	
  or	
  

without	
  cuprizone	
  feeding)	
  and	
  an	
  intruder	
  mouse	
  (always	
  without	
  cuprizone)	
  in	
  the	
  cage.	
  	
  

Grouping	
  of	
  behaviors	
  according	
  to	
  treatment	
  condition	
  reveals	
  that,	
  compared	
  to	
  non-­‐treated	
  

mice	
  (blue),	
  mice	
  treated	
  with	
  cuprizone	
  for	
  6	
  weeks	
  (red)	
  have	
  a	
  lower	
  frequency	
  of	
  behaviors	
  

that	
  can	
  be	
  categorized	
  as	
  “independent”	
  and	
  a	
  higher	
  frequency	
  of	
  behaviors	
  involving	
  the	
  

intruder	
  mouse	
  that	
  can	
  be	
  categorized	
  as	
  “interactive”	
  behaviors	
  (n	
  =	
  3	
  for	
  each	
  cohort	
  of	
  

mice).	
  	
  B:	
  Total	
  distance	
  traveled	
  during	
  each	
  filming	
  was	
  measured	
  as	
  an	
  indicator	
  of	
  overall	
  

activity.	
  In	
  each	
  condition,	
  no	
  significant	
  differences	
  were	
  observed	
  in	
  acute	
  (6	
  week)	
  or	
  chronic	
  

(12	
  week)	
  cuprizone	
  treated	
  mice	
  relative	
  to	
  the	
  age-­‐matched	
  control	
  mice	
  (n	
  =	
  3	
  for	
  each	
  

cohort	
  of	
  mice;	
  all	
  comparisons,	
  p>0.1).	
  C:	
  Resident	
  mouse	
  behavior	
  frequencies	
  were	
  

combined	
  to	
  sum	
  those	
  that	
  indicated	
  independent	
  or	
  interactive	
  events,	
  as	
  noted	
  in	
  panel	
  A.	
  	
  

The	
  cuprizone	
  treated	
  mice	
  showed	
  significantly	
  decreased	
  independent	
  behaviors	
  and	
  more	
  

dramatically	
  elevated	
  interactive	
  events	
  (n	
  =	
  3	
  mice	
  per	
  condition;	
  p	
  =	
  0.0091	
  and	
  p	
  =	
  0.0112,	
  

respectively).	
  Values	
  for	
  individual	
  resident	
  cuprizone	
  treated	
  mice	
  separated	
  clearly	
  from	
  

control	
  mice.	
  D:	
  Comparison	
  of	
  cohorts	
  of	
  acute	
  and	
  chronic	
  cuprizone	
  treated	
  mice	
  with	
  age-­‐

matched	
  controls.	
  In	
  the	
  absence	
  of	
  an	
  intruder	
  mouse,	
  an	
  age-­‐dependent	
  decrease	
  of	
  

independent	
  activities	
  is	
  observed	
  across	
  this	
  prolonged	
  disease	
  time	
  course	
  (p	
  =	
  0.0007).	
  There	
  

is	
  a	
  marginally	
  significant	
  treatment	
  effect	
  among	
  the	
  resident	
  mice	
  while	
  observed	
  alone	
  (p	
  =	
  

0.0436).	
  In	
  the	
  presence	
  of	
  an	
  intruder	
  mouse,	
  resident	
  mice	
  treated	
  with	
  cuprizone	
  had	
  a	
  

significantly	
  decreased	
  frequency	
  of	
  independent	
  behaviors	
  (p	
  =	
  0.0045)	
  and	
  increased	
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frequency	
  of	
  interactive	
  behaviors	
  (p	
  =	
  0.0028)	
  compared	
  to	
  the	
  age-­‐matched	
  non-­‐treated	
  

mice.	
  In	
  the	
  presence	
  of	
  an	
  intruder	
  mouse,	
  there	
  was	
  again	
  an	
  age-­‐dependent	
  effect	
  among	
  

the	
  independent	
  behaviors	
  (p	
  =	
  0.018).	
  Statistical	
  comparisons	
  are	
  from	
  two-­‐way	
  ANOVA	
  with	
  6	
  

mice	
  per	
  group.	
  Figure	
  from	
  (Hibbits	
  et	
  al.,	
  2009).	
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  The social interaction data was further analyzed to determine whether significant differences 

could be demonstrated for individual mice within each cohort (Figure 11C).  To take advantage 

of the distribution of behaviors observed (Figure 11A) the set of activities quantified was 

summed for independent versus interactive behaviors. Individual mouse values clearly separate 

based on treatment condition. Indeed, the interactive behaviors for each acute cuprizone treated 

mouse are clearly distinct from the values for the non-treated mice.  

	
  	
  	
  	
  	
  	
  	
  	
  This distinction of interactive versus independent behaviors was also tested for applicability 

across acute through chronic demyelination stages (Figure 11D). Compared to the matched 

controls, the resident mice with acute demyelination showed a significant shift of behaviors with 

a 51.0% increase in interactive behaviors and 42.9% decrease in independent behaviors. 

Importantly, the mice with chronic demyelination continued to show an increase of interactive 

behaviors (49.2%). These differences in treated versus non-treated mice across both time points 

were significant based on a two-way ANOVA analysis (interactive behaviors, p = 0.0028; 

independent behaviors, p = 0.0045). It should also be noted that among the separate cohorts of 

mice that a decrease of independent activity frequency was observed, which was most notable 

between ages among the control mice, indicating an age-dependent effect among the resident 

mice (p = 0.0007 without intruder; p = 0.018 with intruder). Therefore, the frequency of 

interactive behaviors appears to be a better parameter than independent behaviors for 

comparisons across this prolonged disease course. 

	
  	
  	
  	
  	
  	
  	
  	
  Resident mice with acute demyelination followed by a 6-week recovery period still showed 

a high frequency of interactive behaviors (111.7 ± 18.9) and low frequency of independent 

behaviors (61.3 ± 18.6) in the presence of the intruder mouse. Although only a set of three mice 
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was tested for this recovery cohort, the values are very close to those of the acute and chronic 

cohorts, indicating a lack of functional recovery during the remyelination period that is also 

consistent with the lack of full recovery on the complex wheel (Figure 10F). Ideally, direct 

comparison of values for the same mice evaluated at both the acute and recovery time points 

would be optimal to evaluate changes longitudinally, which was not done with this recovery 

cohort. In general, mice should be socially naïve before testing in a resident-intruder paradigm 

(Bolivar et al., 2007). Therefore, this social interaction paradigm is not expected to be 

appropriate for repeated testing of the same resident mouse for longitudinal studies, presumably 

because repetition may dampen interest of the resident mouse to interact with the novel intruder 

mouse. Surprisingly, we performed a preliminary test of a matched cohort of treated (n = 3) and 

non-treated (n = 3) mice evaluated at both 6 and 12 weeks of cuprizone and found significant 

differences across both acute and chronic stages (p = 0.0427 for independent behaviors, p = 

0.0186 for interactive behaviors; two-way ANOVA). This finding may reflect that the cuprizone 

effect is unusually robust for this behavioral assay and so maintained a significant difference 

upon repetition. However, the major advantage of the resident-intruder social interaction 

paradigm is for analysis on a specific day during the course of demyelination in that the video 

recording can be accomplished in an hour and requires no specific training of the mice. 

Myelination	
  status	
  of	
  mice	
  used	
  in	
  behavioral	
  studies	
  

	
  	
  	
  	
  	
  	
  	
  	
  Upon completion of behavioral assessments, coronal sections through the body of the CC 

were immunostained for MOG to estimate the myelination status at specific stages of cuprizone 

treatment and recovery (Figure 12). The expected demyelination of the CC after 6 and 12 weeks 

of continuous cuprizone ingestion is evident when compared to normally myelinated non-treated 

control mice (Figure 12A, C-E; p = 0.0027 for both 6 and 12 weeks of cuprizone compared to 
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control values). In addition, after acute demyelination, extensive spontaneous remyelination of 

the CC is evident following the subsequent 6 weeks of recovery on normal chow (Figure 12A, 

F). Myelination of the adjacent cerebral cortex was also examined for a potential contribution to 

the observed behavioral effects. There was significant demyelination in the cerebral cortex after 

chronic cuprizone treatment (p = 0.0207) but not following acute cuprizone treatment (Figure 

12B, C-E).  
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Figure	
  12.	
  Quantitative	
  analysis	
  of	
  myelination	
  following	
  behavioral	
  assessments.	
  	
  A,	
  B:	
  

Corpus	
  callosum	
  (A)	
  and	
  cerebral	
  cortical	
  (B)	
  myelination	
  was	
  estimated	
  in	
  coronal	
  brain	
  

sections	
  based	
  on	
  the	
  percent	
  area	
  immunolabeled	
  for	
  myelin	
  oligodendrocyte	
  glycoprotein	
  

(MOG).	
  	
  The	
  region	
  analyzed	
  for	
  the	
  corpus	
  callosum	
  (CC)	
  extended	
  from	
  the	
  midline	
  to	
  under	
  

the	
  apex	
  of	
  the	
  cingulum.	
  The	
  region	
  analyzed	
  in	
  the	
  adjacent	
  cerebral	
  cortex	
  was	
  outlined	
  

from	
  the	
  midline	
  along	
  the	
  pial	
  surface	
  with	
  the	
  lateral	
  border	
  parallel	
  to	
  the	
  midline	
  down	
  to	
  

the	
  apex	
  of	
  the	
  cingulum	
  and	
  continuing	
  with	
  the	
  inferior	
  boundary	
  as	
  the	
  border	
  with	
  the	
  

cingulum	
  and	
  CC.	
  A:	
  Compared	
  to	
  non-­‐treated	
  control	
  mice,	
  during	
  cuprizone	
  treatment	
  

myelination	
  of	
  the	
  CC	
  was	
  significantly	
  reduced	
  at	
  acute	
  (6	
  weeks;	
  p	
  =	
  0.0027)	
  and	
  chronic	
  (12	
  

weeks;	
  p	
  =	
  0.0027)	
  time	
  points	
  while	
  the	
  percent	
  area	
  myelinated	
  returned	
  to	
  control	
  levels	
  in	
  

the	
  mice	
  allowed	
  a	
  recovery	
  period	
  (6	
  weeks	
  of	
  cuprizone	
  feeding	
  followed	
  by	
  6	
  weeks	
  on	
  

normal	
  chow).	
  B:	
  Compared	
  to	
  non-­‐treated	
  mice,	
  only	
  the	
  chronic	
  (12	
  week)	
  cuprizone	
  

condition	
  showed	
  a	
  significant	
  reduction	
  of	
  the	
  percent	
  area	
  myelinated	
  in	
  the	
  adjacent	
  cortical	
  

region	
  (p	
  =	
  0.0207).	
  C-­‐D:	
  Representative	
  images	
  of	
  immunofluorescence	
  for	
  MOG	
  to	
  illustrate	
  

myelination	
  patterns	
  in	
  the	
  CC	
  and	
  adjacent	
  cortex	
  in	
  coronal	
  sections.	
  Comparison	
  with	
  a	
  non-­‐

treated	
  mouse	
  (C,	
  Control)	
  shows	
  demyelinated	
  areas	
  in	
  both	
  the	
  CC	
  and	
  adjacent	
  cortex	
  after	
  

12	
  weeks	
  of	
  cuprizone	
  treatment	
  (D,	
  Chronic).	
  After	
  cuprizone	
  treatment	
  for	
  6	
  weeks	
  (E,	
  Acute)	
  

demyelination	
  is	
  much	
  more	
  apparent	
  in	
  the	
  CC	
  than	
  in	
  the	
  adjacent	
  cortex	
  and	
  the	
  CC	
  is	
  no	
  

longer	
  markedly	
  demyelinated	
  after	
  a	
  subsequent	
  6	
  week	
  period	
  on	
  normal	
  chow	
  (F,	
  Recovery).	
  

Scale	
  bars	
  =	
  200	
  μm.	
  Figure	
  from	
  (Hibbits	
  et	
  al.,	
  2009).	
  

To evaluate myelination status in additional neuroanatomical areas for which cuprizone 

demyelination has been reported, we also performed MOG immunohistochemistry on coronal 
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brain sections at more caudal levels to include hippocampal areas and on sagittal sections 

through the cerebellum (Figure 13). Demyelination of hippocampal fibers was evident after 6 

weeks of cuprizone in the dorsal hippocampal commissure and within the hippocampus, which 

was especially marked in the hilus area in comparison with non-treated mice (Figure 13A, B). In 

contrast, the cerebellar tissue did not show evidence of demyelination in the arbor vitae or the 

cerebellar cortex even when examined after 12 weeks of cuprizone treatment (Figure 12C). 

Therefore, the behavioral changes observed correlate with demyelination of the CC with co-

incident demyelination in hippocampal fibers.  
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Figure	
  13.	
  Myelination	
  of	
  hippocampal	
  and	
  cerebellar	
  regions.	
  A,	
  B:	
  MOG	
  
immunohistochemistry	
  in	
  coronal	
  brain	
  sections	
  shows	
  myelinated	
  hippocampal	
  fibers	
  in	
  non-­‐
treated	
  mice	
  (A)	
  that	
  are	
  markedly	
  reduced	
  in	
  mice	
  with	
  acute	
  demyelination	
  following	
  6	
  weeks	
  
of	
  cuprizone	
  treatment	
  (B).	
  cc	
  =	
  corpus	
  callosum,	
  dhc	
  =	
  dorsal	
  hippocampal	
  commissure,	
  h	
  =	
  
hilus,	
  sl	
  =	
  stratum	
  lacunosum	
  of	
  CA1.	
  C:	
  MOG	
  immunohistochemistry	
  in	
  a	
  sagittal	
  section	
  
through	
  the	
  cerebellum	
  shows	
  heavy	
  myelination	
  of	
  the	
  arbor	
  vitae	
  (av)	
  with	
  myelinated	
  fibers	
  
extending	
  throughout	
  the	
  cerebellar	
  cortex	
  (cx),	
  which	
  illustrates	
  a	
  lack	
  of	
  cerebellar	
  
demyelination	
  in	
  mice	
  treated	
  with	
  cuprizone	
  for	
  12	
  weeks.	
  Scale	
  bars	
  =	
  200	
  μm.	
  Figure	
  from	
  
(Hibbits	
  et	
  al.,	
  2009).	
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Chapter	
  VI:	
  Discussion	
  of	
  results	
  and	
  implications	
  

Summary	
  of	
  research	
  findings	
  in	
  this	
  work	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  this	
  work	
  research	
  is	
  presented	
  pertaining	
  to	
  the	
  limited	
  remyelination	
  that	
  occurs	
  after	
  

chronic	
  or	
  prolonged	
  demyelination.	
  The	
  three	
  specific	
  aims	
  addressed	
  in	
  this	
  work	
  

concentrated	
  on	
  identifying	
  and	
  characterizing	
  possible	
  cellular	
  mechanisms	
  contributing	
  to	
  

remyelination	
  potential	
  and	
  also	
  on	
  developing	
  a	
  method	
  for	
  non-­‐invasively	
  assessing	
  

demyelination	
  status	
  in	
  mice.	
  Apoptosis	
  was	
  identified	
  as	
  an	
  in	
  vivo	
  a	
  contributor	
  to	
  limited	
  

remyelination	
  after	
  chronic	
  cuprizone	
  ingestion.	
  Astrogliosis	
  was	
  characterized	
  as	
  occurring	
  to	
  

the	
  extent	
  of	
  severe	
  diffuse	
  reactive	
  gliosis	
  without	
  compact	
  glial	
  scar	
  formation	
  after	
  both	
  

acute	
  and	
  chronic	
  demyelination.	
  Non-­‐invasive	
  targeted	
  behavioral	
  assays	
  were	
  described	
  

revealing	
  functional	
  impairment	
  related	
  to	
  CC	
  cuprizone	
  induced	
  demyelination	
  in	
  mice.	
  These	
  

assays	
  can	
  be	
  used	
  to	
  behaviorally	
  phenotype	
  mice	
  based	
  on	
  demyelination	
  status.	
  	
  

Implications	
  of	
  this	
  work	
  for	
  demyelinating	
  disorders	
  particularly	
  MS	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  ultimate	
  goal	
  of	
  all	
  the	
  studies	
  presented	
  in	
  this	
  work	
  is	
  to	
  promote	
  remyelination	
  after	
  

episodes	
  of	
  chronic	
  or	
  prolonged	
  demyelination	
  in	
  an	
  effort	
  not	
  only	
  attain	
  functional	
  recovery,	
  

but	
  also	
  as	
  means	
  to	
  prevent	
  permanent	
  long-­‐term	
  disability.	
  MS	
  is	
  the	
  leading	
  cause	
  of	
  

demyelination	
  worldwide.	
  It	
  often	
  has	
  a	
  long	
  disease	
  progression	
  and	
  is	
  characterized	
  by	
  

demyelination	
  throughout	
  the	
  disease	
  course.	
  Functional	
  impairments	
  attributed	
  to	
  

demyelination	
  arise	
  from	
  impaired	
  axonal	
  conduction,	
  which	
  is	
  a	
  direct	
  consequence	
  of	
  

demyelination.
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  Furthermore,	
  demyelination	
  leaves	
  axons	
  denuded,	
  making	
  them	
  more	
  vulnerable	
  to	
  

damage	
  and	
  loss	
  compared	
  to	
  fully	
  myelinated	
  axons.	
  In	
  MS	
  long-­‐term	
  functional	
  impairments	
  

are	
  the	
  result	
  of	
  such	
  axonal	
  loss	
  (Lassmann,	
  2011).	
  Remyelination	
  therefore,	
  is	
  not	
  only	
  a	
  

method	
  to	
  restore	
  conduction	
  in	
  viable	
  axons,	
  but	
  is	
  also	
  a	
  method	
  of	
  neuroprotection.	
  	
  

Use	
  of	
  rodent	
  models	
  of	
  demyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  interplay	
  of	
  many	
  different	
  cell	
  types	
  and	
  signaling	
  mechanisms	
  contribute	
  to	
  

remyelination	
  potential.	
  Though	
  the	
  context	
  of	
  demyelination	
  is	
  most	
  relevant	
  to	
  human	
  

patients	
  with	
  MS,	
  specific	
  and	
  controlled	
  analysis	
  of	
  the	
  mechanisms	
  contributing	
  to	
  

remyelination	
  potential	
  are	
  best	
  studied	
  using	
  animal	
  models.	
  Acute	
  demyelination	
  models	
  

often	
  show	
  robust	
  spontaneous	
  remyelination	
  (Kipp	
  et	
  al.,	
  2009;	
  Hanafy	
  and	
  Sloane,	
  2011;	
  

Kotter	
  et	
  al.,	
  2012),	
  but	
  do	
  not	
  accurately	
  mimic	
  the	
  disease	
  state	
  with	
  more	
  chronic	
  and	
  

prolonged	
  demyelination	
  episodes	
  and	
  a	
  limited	
  OL	
  progenitor	
  pool	
  (Armstrong	
  et	
  al.,	
  2002;	
  

Chang	
  et	
  al.,	
  2002;	
  Mason	
  et	
  al.,	
  2004;	
  Back	
  et	
  al.,	
  2005;	
  Armstrong	
  et	
  al.,	
  2006).	
  	
  

Detection	
  of	
  cuprizone-­‐induced	
  demyelination	
  in	
  the	
  CC	
  

	
  	
  	
  	
  	
  	
  	
  	
  Demyelination	
  of	
  the	
  CC	
  caused	
  by	
  cuprizone	
  ingestion	
  can	
  be	
  observed	
  with	
  

histopathological	
  and	
  immunohistochemical	
  stains.	
  In	
  each	
  of	
  the	
  studies	
  described	
  in	
  this	
  

work,	
  demyelination	
  is	
  assessed	
  with	
  MOG	
  immunoreactivity	
  in	
  the	
  CC,	
  which	
  gives	
  an	
  

indication	
  of	
  the	
  percent	
  myelinated	
  area.	
  Though	
  myelination	
  status	
  can	
  be	
  detected	
  with	
  a	
  

variety	
  of	
  different	
  staining	
  protocols,	
  the	
  extent	
  to	
  which	
  changes	
  in	
  myelination	
  are	
  evident	
  at	
  

specific	
  stages	
  following	
  cuprizone	
  treatment	
  might	
  vary	
  with	
  the	
  detection	
  methodology.	
  

Electron	
  microscopic	
  quantification	
  of	
  myelination	
  in	
  the	
  CC	
  (Lindner	
  et	
  al.,	
  2008)	
  correlates	
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with	
  LFB	
  staining	
  and	
  MOG	
  immunoreactivity	
  to	
  a	
  greater	
  degree	
  than	
  with	
  immunoreactivity	
  

for	
  PLP	
  or	
  and	
  MBP.	
  Moreover,	
  the	
  MOG	
  immunoreactivity	
  presented	
  in	
  these	
  studies	
  are	
  

consistent	
  with	
  previous	
  data	
  from	
  our	
  lab	
  showing	
  demyelination	
  in	
  response	
  to	
  cuprizone	
  

(Armstrong	
  et	
  al,	
  2006,	
  Figure	
  2,	
  Figure	
  10).	
  In	
  addition,	
  LFB	
  myelin	
  staining	
  (Armstrong	
  et	
  al.,	
  

2002;	
  Song	
  et	
  al.,	
  2005)	
  correlates	
  well	
  with	
  this	
  MOG	
  immunoreactivity	
  (Armstrong	
  et	
  al.,	
  

2006;	
  Figure	
  2,	
  10)	
  and	
  with	
  findings	
  reported	
  by	
  other	
  labs	
  using	
  cuprizone	
  (e.g.	
  Matsushima	
  

and	
  Morell,	
  2001).	
  The	
  implication	
  of	
  these	
  observations	
  is	
  that	
  the	
  MOG	
  

immunohistochemistry	
  data	
  presented	
  are	
  good	
  indicators	
  of	
  myelination	
  status.	
  Furthermore,	
  

the	
  cuprizone	
  model	
  used	
  in	
  this	
  work	
  produced	
  demyelination	
  as	
  expected	
  (Armstrong	
  et	
  al.,	
  

2006;	
  Vana	
  et	
  al.,	
  2007;	
  Xie	
  et	
  al.,	
  2010),	
  in	
  the	
  mice	
  analyzed,	
  indicating	
  that	
  the	
  observations	
  

made	
  are	
  at	
  least	
  partially	
  attributable	
  to	
  demyelination	
  status.	
  	
  

Correlation	
  between	
  cuprizone	
  demyelination	
  and	
  MS	
  pathology	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  contrast	
  to	
  acute	
  demyelination	
  models,	
  the	
  cuprizone	
  ingestion	
  paradigm	
  in	
  mice	
  is	
  a	
  

particularly	
  good	
  model	
  for	
  the	
  study	
  of	
  chronic	
  demyelination	
  with	
  limited	
  remyelination.	
  

Cuprizone	
  administration	
  can	
  be	
  regulated	
  over	
  a	
  specific	
  time-­‐course	
  to	
  assess	
  the	
  temporal	
  

effects	
  of	
  demyelination.	
  Furthermore,	
  chronic	
  cuprizone	
  ingestion	
  produces	
  a	
  limited	
  

remyelination	
  capacity	
  as	
  the	
  amount	
  of	
  spontaneous	
  recovery	
  decreases	
  after	
  chronic	
  

cuprizone	
  ingestion	
  is	
  ceased.	
  Moreover,	
  the	
  OL	
  progenitor	
  pool	
  is	
  depleted	
  as	
  a	
  consequence	
  

of	
  chronic	
  cuprizone	
  ingestion	
  (Armstrong	
  et	
  al.,	
  2002;	
  Mason	
  et	
  al.,	
  2004;	
  Armstrong	
  et	
  al.,	
  

2006),	
  which	
  reflects	
  the	
  MS	
  disease	
  where	
  the	
  OL	
  progenitor	
  pool	
  is	
  also	
  depleted	
  (Mason	
  et	
  

al.,	
  2001;	
  Mason	
  et	
  al.,	
  2004;	
  Woodruff	
  et	
  al.,	
  2004).	
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  In	
  this	
  work,	
  the	
  cuprizone	
  ingestion	
  paradigm	
  was	
  used	
  to	
  induce	
  different	
  time-­‐courses	
  

of	
  demyelination	
  and	
  remyelination.	
  Cuprizone	
  ingestion	
  is	
  known	
  to	
  induce	
  a	
  reproducible	
  

pattern	
  of	
  extensive	
  CC	
  demyelination	
  in	
  mice	
  (Matsushima	
  and	
  Morell,	
  2001;	
  Mason	
  et	
  al.,	
  

2001;	
  Armstrong	
  et	
  al.,	
  2002,	
  2006).	
  The	
  CC	
  is	
  a	
  well	
  suited	
  model	
  for	
  the	
  study	
  of	
  

demyelination	
  and	
  remyelination	
  as	
  it	
  has	
  a	
  close	
  proximity	
  to	
  the	
  SVZ	
  and	
  SVG,	
  which	
  are	
  

germinal	
  zones	
  that	
  show	
  elevation	
  of	
  proliferation	
  in	
  response	
  to	
  cuprizone	
  (Gallo	
  and	
  

Armstrong,	
  2008),	
  indicating	
  a	
  good	
  repair	
  potential.	
  	
  

Astrogliosis	
  in	
  cuprizone-­‐induced	
  demyelination	
  corresponds	
  with	
  astrogliosis	
  in	
  MS	
  lesions	
  

	
  	
  	
  	
  	
  	
  	
  	
  Furthermore,	
  severe	
  diffuse	
  reactive	
  astrogliosis	
  without	
  compact	
  glial	
  scar	
  formation,	
  as	
  

occurs	
  in	
  cuprizone	
  induced	
  demyelination	
  is	
  characteristic	
  of	
  some	
  MS	
  lesions	
  (Lucchinetti	
  et	
  

al.,	
  2000;	
  van	
  der	
  Valk	
  and	
  De	
  Groot,	
  2000;	
  Lassmann,	
  2011),	
  demonstrating	
  not	
  only	
  the	
  

association	
  of	
  the	
  cuprizone	
  model	
  with	
  the	
  human	
  disease	
  state,	
  but	
  also	
  suggesting	
  the	
  

potential	
  for	
  remyelination	
  in	
  such	
  lesions	
  (Chang	
  et	
  al.,	
  2002;	
  Holley	
  et	
  al.,	
  2003;	
  Kotter	
  et	
  al.,	
  

2011).	
  For	
  example,	
  only	
  active	
  demyelinating	
  MS	
  lesions	
  express	
  high	
  levels	
  of	
  fibronectin,	
  

compared	
  to	
  inactive	
  MS	
  lesions	
  and	
  normal	
  white	
  matter	
  with	
  little	
  fibronectin	
  expression	
  

(Sobel	
  and	
  Mitchell,	
  1989).	
  Along	
  these	
  lines,	
  proliferating	
  astrocytes	
  are	
  more	
  characteristic	
  of	
  

early	
  active	
  and	
  early	
  remyelinating	
  MS	
  lesions	
  as	
  compared	
  to	
  normal	
  white	
  matter,	
  late	
  

active,	
  demyelinated	
  or	
  late	
  remyelinating	
  MS	
  lesions	
  (Schonrock	
  et	
  al.,	
  1998).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  Interestingly,	
  apoptosis	
  is	
  also	
  characteristic	
  of	
  early	
  active	
  MS	
  lesions	
  as	
  opposed	
  to	
  more	
  

chronic	
  MS	
  lesions	
  (Breij	
  et	
  al.,	
  2008).	
  Taken	
  together,	
  these	
  observations	
  indicate	
  that	
  the	
  level	
  

of	
  demyelination	
  observed	
  in	
  the	
  cuprizone	
  ingestion	
  paradigm	
  corresponds	
  most	
  closely	
  with	
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early	
  MS	
  lesion	
  activity.	
  It	
  is	
  possible	
  that	
  early	
  remyelination	
  activity	
  is	
  also	
  indicated.	
  At	
  the	
  

very	
  least,	
  the	
  stage	
  of	
  demyelination	
  in	
  the	
  cuprizone	
  model	
  does	
  not	
  actively	
  hinder	
  

remyelination	
  with	
  the	
  formation	
  of	
  a	
  compact	
  glial	
  scar	
  even	
  in	
  the	
  chronic	
  cuprizone	
  ingestion	
  

time-­‐course.	
  

Implications	
  of	
  continued	
  astroglial	
  activation	
  during	
  demyelination	
  

	
  	
  	
  	
  	
  	
  	
  	
  While	
  astroglial	
  activity	
  can	
  be	
  characterized	
  as	
  occurring	
  to	
  the	
  same	
  extent	
  in	
  both	
  the	
  

acute	
  and	
  chronic	
  cuprizone	
  ingestion	
  time-­‐courses,	
  definitively	
  attributing	
  the	
  astrocytic-­‐

related	
  gene	
  constellation	
  to	
  this	
  particular	
  stage	
  of	
  severe	
  diffuse	
  reactive	
  astrogliosis	
  without	
  

compact	
  glial	
  scar	
  formation	
  is	
  more	
  difficult.	
  Decreases	
  in	
  relative	
  mRNA	
  expression	
  of	
  

astrocyte-­‐related	
  gene	
  transcripts	
  during	
  the	
  time-­‐course	
  of	
  cuprizone	
  ingestion	
  (Table	
  1,	
  2)	
  

indicate	
  that	
  astrogliosis	
  does	
  not	
  cease	
  after	
  initial	
  cuprizone	
  administration.	
  Rather,	
  

astroglial-­‐related	
  genes	
  increase	
  in	
  relative	
  fold	
  mRNA	
  expression	
  levels	
  during	
  the	
  entire	
  

course	
  of	
  cuprizone	
  ingestion	
  (Figure	
  8),	
  in	
  both	
  the	
  acute	
  (Table	
  1)	
  and	
  chronic	
  (Table	
  2)	
  

cuprizone	
  ingestion	
  and	
  recovery	
  time-­‐lines.	
  It	
  is	
  only	
  after	
  return	
  to	
  normal	
  chow	
  that	
  

astroglial-­‐related	
  genes	
  begin	
  to	
  return	
  to	
  control	
  levels	
  (Figure	
  8,	
  Table	
  1,	
  2).	
  This	
  indicates	
  

that	
  continued	
  astroglial	
  activation	
  might	
  play	
  a	
  role	
  in	
  determining	
  the	
  stage	
  of	
  astroglial	
  

activation	
  observed	
  in	
  the	
  cuprizone	
  model.	
  

Assessing	
  functional	
  remyelination	
  potential	
  in	
  the	
  human	
  CC	
  

	
  	
  	
  	
  	
  	
  	
  	
  Assessing	
  the	
  functional	
  effectiveness	
  of	
  such	
  manipulations	
  is	
  a	
  challenging	
  prospect.	
  As	
  

mentioned,	
  the	
  CC	
  is	
  well-­‐suited	
  and	
  widely	
  used	
  for	
  studies	
  of	
  demyelination	
  and	
  

remyelination	
  (Armstrong	
  et	
  al.,	
  2002;	
  Mason	
  et	
  al.,	
  2004;	
  Armstrong	
  et	
  al.,	
  2006;	
  Vana	
  et	
  al.,	
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2007;	
  Lindner	
  et	
  al.,	
  2008;	
  Groebe	
  et	
  al.,	
  2009).	
  Impairments	
  of	
  the	
  CC	
  in	
  humans	
  are	
  

associated	
  with	
  impairments	
  in	
  complex	
  interhemispheric	
  functions.	
  Some	
  of	
  these	
  

impairments	
  are	
  related	
  to	
  language	
  skills	
  (Friederici	
  et	
  al.,	
  2007),	
  dichotic	
  listening	
  (Gadea	
  et	
  

al,	
  2009),	
  bimanual	
  finger	
  opposition	
  movements	
  (Bonzano	
  et	
  al.,	
  2008)	
  and	
  social	
  interaction	
  

and	
  social	
  communication	
  (Badaruddin	
  et	
  al.,	
  2007)	
  have	
  been	
  reported.	
  In	
  addition,	
  abnormal	
  

CC	
  development	
  has	
  also	
  shown	
  correlations	
  in	
  autism	
  spectrum	
  disorders	
  (Cody	
  et	
  al.,	
  2002;	
  

Nicolson	
  and	
  Szatmari,	
  2003;	
  Alexander	
  et	
  al.,	
  2007;	
  Anstey	
  et	
  al.,	
  2007;	
  Paul	
  et	
  al.,	
  2007).	
  

Assessing	
  functional	
  remyelination	
  potential	
  in	
  the	
  rodent	
  CC	
  

	
  	
  	
  	
  	
  	
  	
  	
  Despite	
  human	
  studies	
  suggesting	
  behavioral	
  outcomes	
  for	
  CC	
  impairment,	
  modeling	
  such	
  

outcomes	
  in	
  experimental	
  animals	
  is	
  difficult.	
  Moreover,	
  studies	
  pertaining	
  to	
  the	
  functional	
  

behavioral	
  outcomes	
  of	
  CC	
  demyelination	
  in	
  mice,	
  the	
  prototypical	
  animal	
  model	
  used	
  for	
  CC	
  

demyelination	
  studies,	
  are	
  limited.	
  The	
  few	
  studies	
  examining	
  CC	
  function	
  in	
  rodents	
  have	
  

established	
  consistent	
  findings	
  for	
  social	
  interactions	
  and	
  bilateral	
  coordination.	
  Sociability	
  

measures	
  have	
  been	
  correlated	
  with	
  CC	
  size	
  among	
  mouse	
  strains	
  (Fairless	
  et	
  al.,	
  2008)	
  and	
  

bilateral	
  limb	
  coordination,	
  as	
  assessed	
  by	
  wheel	
  running	
  on	
  a	
  complex	
  wheel,	
  exhibited	
  deficits	
  

as	
  a	
  result	
  of	
  CC	
  agenesis	
  or	
  callosotomy	
  (Schalomon	
  and	
  Wahlsten,	
  2002)	
  and	
  acute	
  cuprizone	
  

demyelination	
  (Liebetanz	
  and	
  Merkler,	
  2006).	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  an	
  attempt	
  to	
  establish	
  a	
  non-­‐invasive	
  targeted	
  behavioral	
  assay	
  for	
  the	
  analysis	
  of	
  

mouse	
  demyelination	
  status,	
  both	
  bilateral	
  sensorimotor	
  coordination	
  and	
  social	
  interaction	
  

assessments	
  for	
  complementary	
  tests	
  of	
  CC	
  function	
  for	
  studies	
  of	
  cuprizone	
  induced	
  

demyelination	
  in	
  mice	
  were	
  employed.	
  The	
  results	
  indicate	
  that	
  both	
  a	
  complex	
  wheel	
  test	
  of	
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sensorimotor	
  coordination	
  and	
  a	
  resident-­‐intruder	
  test	
  of	
  social	
  interaction	
  correlate	
  with	
  CC	
  

demyelination	
  status	
  to	
  test	
  distinct	
  functional	
  modalities	
  independently	
  or	
  in	
  conjunction	
  with	
  

one	
  another.	
  The	
  complex	
  wheel	
  assay	
  maintains	
  sensitivity	
  when	
  performed	
  at	
  repeated	
  

intervals	
  for	
  longitudinal	
  analyses.	
  Both	
  assays	
  distinguish	
  treated	
  from	
  control	
  mice	
  during	
  

both	
  acute	
  and	
  chronic	
  demyelination.	
  In	
  addition,	
  both	
  assays	
  are	
  extremely	
  sensitive	
  and	
  

detect	
  significant	
  differences	
  between	
  cohorts	
  as	
  small	
  as	
  three	
  mice.	
  Additionally,	
  the	
  data	
  

distinguish	
  treated	
  from	
  non-­‐treated	
  mice	
  following	
  acute	
  demyelination	
  and	
  subsequent	
  

recovery	
  period	
  with	
  spontaneous	
  remyelination,	
  indicating	
  that	
  normal	
  action	
  potential	
  

transmission	
  has	
  not	
  yet	
  fully	
  recovered	
  along	
  previously	
  demyelinated	
  axons.	
  These	
  behavioral	
  

measures	
  of	
  CC	
  function	
  in	
  mice	
  are	
  important	
  to	
  non-­‐invasively	
  monitor	
  demyelination	
  as	
  well	
  

as	
  to	
  functionally	
  evaluate	
  manipulations	
  to	
  promote	
  remyelination.	
  	
  

Motor	
  deficits	
  correspond	
  with	
  CC	
  demyelination	
  in	
  mice	
  

	
  	
  	
  	
  	
  	
  	
  	
  Consistent	
  with	
  predicted	
  coordination	
  deficits	
  with	
  CC	
  demyelination,	
  several	
  recent	
  

reports	
  indicate	
  motor	
  activity	
  deficits	
  with	
  cuprizone	
  treatment	
  in	
  C57bl/6	
  mice	
  but	
  do	
  not	
  

demonstrate	
  applicability	
  for	
  longitudinal	
  studies.	
  After	
  5	
  weeks	
  of	
  cuprizone	
  ingestion,	
  deficits	
  

are	
  evident	
  as	
  an	
  increase	
  in	
  the	
  frequency	
  of	
  falls	
  on	
  the	
  rotarod	
  although	
  the	
  sensitivity	
  of	
  the	
  

rotarod	
  to	
  measure	
  CC	
  myelination	
  status	
  is	
  unclear	
  since	
  a	
  significant	
  difference	
  was	
  not	
  found	
  

at	
  6	
  weeks	
  of	
  cuprizone	
  but	
  was	
  present	
  after	
  6	
  weeks	
  of	
  cuprizone	
  and	
  6	
  weeks	
  of	
  recovery	
  

(Franco-­‐Pons	
  et	
  al.,	
  2007).	
  Wheel	
  running	
  with	
  a	
  sequence	
  of	
  training	
  and	
  complex	
  rung	
  

patterns	
  showed	
  significant	
  differences	
  in	
  maximal	
  velocity	
  on	
  the	
  complex	
  wheel	
  at	
  6	
  weeks	
  of	
  

cuprizone	
  treatment	
  (Liebetanz	
  and	
  Merkler,	
  2006),	
  as	
  was	
  confirmed	
  in	
  the	
  current	
  studies	
  



99	
  
	
  

	
  

(Figure	
  1).	
  Both	
  the	
  rotarod	
  and	
  complex	
  wheel	
  assays	
  indicate	
  that	
  significant	
  differences	
  

continue	
  even	
  after	
  a	
  6-­‐week	
  recovery	
  period	
  for	
  remyelination	
  (Liebetanz	
  and	
  Merkler,	
  2006;	
  

Franco-­‐Pons	
  et	
  al.,	
  2007).	
  	
  

Importance	
  of	
  longitudinal	
  assessments	
  for	
  mouse	
  CC	
  function	
  

	
  	
  	
  	
  	
  	
  	
  	
  Each of these previous studies tested activity only at one time point prior to sacrifice so that 

comparison could only be made between separate cohorts sacrificed at each disease stage. 

Importantly, the current study was designed to determine whether the complex wheel assessment 

would be sufficiently sensitive when repeated on a given mouse, as needed for longitudinal 

studies, or when used to analyze small cohorts of mice, as would be practical in typical 

remyelination studies. Factors such as training and novelty effects can influence the use of 

behavioral assessments for repeated measures in longitudinal studies. As our results demonstrate, 

the complex wheel assay can be used for a within-subjects comparison of pre-treatment, 

demyelination, and remyelination time points. In addition, significant differences were observed 

with cohorts of only three mice in the current study design as compared to typically larger cohort 

sizes in behavioral studies, such as the design in the acute cuprizone study with a complex wheel 

assessment that used 12 mice per cohort (Liebetantz and Merkler, 2006).  

Other	
  behavioral	
  measures	
  for	
  mouse	
  CC	
  function	
  

	
  	
  	
  	
  	
  	
  	
  	
  Behavioral assessments of anxiety, memory, and social interaction have also been reported 

with cuprizone treatment in C57Bl/6 mice (Franco-Pons, et al. 2007; Xu et al. 2009). In contrast 

to our findings of increased interactive behaviors among the cuprizone treated mice in the 

resident-intruder assay (Figure 2), Xu et al. (2009) reported significantly decreased social 

interaction among mice treated with cuprizone for 4-6 weeks. However, the analysis of social 
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interaction used by Xu and colleagues was automated and based on the two mice being closer 

than 5 cm for 0.2s without being validated by manual observation of an interactive behavior 

involving both mice as was quantified in the current study. Furthermore, open field assessments 

in cuprizone treated mice showed a tendency toward the field center (Franco-Pons et al., 2007; 

Xu et al., 2009), indicating decreased anxiety which may be consistent with the increased 

interactive behaviors observed in our resident-intruder assays. Spatial working memory deficits 

were similar at weeks 2, 3, 4, 5, and 6 of cuprizone treatment (Xu et al., 2009), indicating a poor 

correlation of these assessments with the dramatic changes of myelination status of the CC over 

this time course.  

Relevance	
  of	
  the	
  social	
  interaction	
  resident-­‐intruder	
  assay	
  for	
  assessing	
  mouse	
  CC	
  function	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  this	
  work,	
  using	
  the	
  resident-­‐intruder	
  assay,	
  the	
  increase	
  of	
  interactive	
  behaviors	
  was	
  

evident	
  at	
  both	
  acute	
  (6	
  week)	
  and	
  chronic	
  (12	
  week)	
  cuprizone	
  treatment	
  stages,	
  which	
  

correlates	
  well	
  with	
  significant	
  CC	
  demyelination	
  at	
  each	
  time	
  point.	
  We	
  also	
  noted	
  an	
  age-­‐

dependent	
  effect	
  on	
  the	
  frequency	
  of	
  independent	
  behaviors	
  in	
  the	
  resident-­‐intruder	
  assay	
  

over	
  this	
  prolonged	
  disease	
  time	
  course.	
  This	
  age	
  effect	
  was	
  not	
  as	
  evident	
  among	
  cuprizone	
  

treated	
  resident	
  mice	
  when	
  an	
  intruder	
  was	
  present	
  but	
  may	
  be	
  masked	
  in	
  the	
  treated	
  mice	
  

since	
  the	
  level	
  of	
  independent	
  behaviors	
  is	
  already	
  reduced	
  significantly	
  by	
  the	
  treatment	
  effect	
  

in	
  the	
  younger	
  mice.	
  To	
  minimize	
  the	
  potential	
  involvement	
  of	
  this	
  age	
  effect	
  among	
  

independent	
  behaviors,	
  the	
  frequency	
  of	
  interactive	
  behaviors	
  is	
  likely	
  to	
  give	
  a	
  more	
  direct	
  

differentiation	
  of	
  treated	
  versus	
  non-­‐treated	
  mice.	
  

Correlation	
  of	
  behavioral	
  analyses	
  with	
  CC	
  demyelination	
  status	
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  At the completion of the behavioral analysis, the progression of demyelination and 

remyelination was quantified using immunohistochemistry for MOG, which correlates well with 

ultrastructural measures of remyelination (Lindner et al., 2008). The findings of deficits in the 

complex wheel running and of increased interactive behaviors were consistently observed during 

both acute and chronic demyelination (Figures 9 and 10). Both time points correlate with the 

presence of extensive demyelination in the corpus callosum (Figure 11). The proportion of CC 

demyelination at 12 weeks of cuprizone treatment in our mice exposed to the running wheels is 

similar to that observed at this time point in a previous analysis (Armstrong et al., 2006). 

Following acute demyelination, spontaneous remyelination of the CC was observed which was 

also consistent with previous studies (Armstrong et al., 2006). Therefore the wheel access, which 

is a form of behavioral enrichment, is unlikely to have altered the extent of CC demyelination or 

remyelination obtained relative to the standard cuprizone protocol. Interestingly, evidence of 

remyelination during the recovery period after acute demyelination was not accompanied by a 

similar return of normal activity, indicating that the complex wheel assay is sensitive to 

persisting abnormalities, possibly in the nodal or other axon-myelin structures.  

Targeting	
  mouse	
  CC	
  demyelination	
  with	
  behavioral	
  analyses	
  

	
  	
  	
  	
  	
  	
  	
  	
  Also,	
  cuprizone	
  demyelination,	
  though	
  reproducibly	
  evident	
  in	
  the	
  CC,	
  likely	
  affects	
  other	
  

brain	
  areas	
  as	
  well.	
  The	
  CC,	
  as	
  the	
  largest	
  myelinated	
  white	
  matter	
  tract	
  in	
  the	
  brain,	
  along	
  with	
  

its	
  reliable	
  susceptibility	
  to	
  cuprizone	
  intoxication,	
  is	
  the	
  area	
  most	
  frequently	
  examined	
  for	
  

studies	
  of	
  demyelination	
  and	
  remyelination.	
  Indeed,	
  studies	
  evaluating	
  specific	
  in	
  vivo	
  cellular	
  

mechanisms	
  underlying	
  demyelination	
  and	
  remyelination	
  are	
  well	
  suited	
  for	
  analysis	
  with	
  

cuprizone	
  ingestion.	
  Such	
  studies	
  use	
  the	
  CC	
  as	
  reliable	
  marker	
  of	
  demyelination	
  status	
  within	
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the	
  organism	
  but	
  generally	
  do	
  not	
  attempt	
  to	
  correlate	
  that	
  status	
  with	
  functional	
  behavioral	
  

outcomes.	
  For	
  this	
  reason,	
  specific	
  analysis	
  of	
  CC	
  demyelination	
  status	
  is	
  sufficient	
  for	
  

addressing	
  the	
  first	
  two	
  aims	
  of	
  this	
  work.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  contrast,	
  addressing	
  the	
  third	
  aim	
  of	
  this	
  work,	
  which	
  involves	
  developing	
  a	
  targeted	
  

non-­‐invasive	
  behavioral	
  assay	
  for	
  demyelination	
  status	
  in	
  mice,	
  requires	
  demyelination	
  analysis	
  

of	
  brain	
  regions	
  potentially	
  involved	
  in	
  the	
  manifestation	
  of	
  observed	
  behaviors	
  and	
  also	
  

potentially	
  affected	
  by	
  cuprizone	
  administration.	
  Recent	
  reports	
  indicate	
  cuprizone	
  induced	
  

demyelination	
  of	
  the	
  cerebral	
  cortex	
  (Gudi	
  et	
  al.,	
  2009)	
  as	
  well	
  as	
  the	
  hippocampus	
  (Norkute	
  et	
  

al.,	
  2009)	
  and	
  cerebellum	
  (Groebe	
  et	
  al.,	
  2009).	
  However,	
  after	
  6	
  weeks	
  of	
  cuprizone	
  treatment,	
  

significant	
  cortical	
  demyelination	
  was	
  not	
  detected	
  with	
  LFB	
  staining	
  (Skripuletz	
  et	
  al.,	
  2008)	
  

but	
  was	
  readily	
  detected	
  by	
  immunoreactivity	
  for	
  PLP	
  and	
  MBP	
  (Skripuletz	
  et	
  al.,	
  2008;	
  Gudi	
  et	
  

al.,	
  2009).	
  Hippocampal	
  and	
  cerebellar	
  cortical	
  demyelination	
  has	
  also	
  been	
  reported	
  in	
  the	
  

murine	
  cuprizone	
  model	
  (Koutsoudaki	
  et	
  al.,	
  2009;	
  Norkute	
  et	
  al.,	
  2009;	
  Skripuletz	
  et	
  al.,	
  2009).	
  

As	
  with	
  the	
  cerebral	
  cortex,	
  hippocampal	
  demyelination	
  was	
  noted	
  with	
  PLP	
  immunostaining	
  

but	
  was	
  not	
  detected	
  with	
  LFB	
  staining	
  through	
  6	
  weeks	
  after	
  cuprizone	
  treatment	
  

(Koutsoudaki	
  et	
  al.,	
  2009).	
  While	
  demyelination	
  of	
  hippocampal	
  fibers,	
  including	
  the	
  dorsal	
  

hippocampal	
  commissure	
  at	
  6	
  weeks	
  after	
  cuprizone	
  treatment	
  has	
  been	
  observed	
  in	
  this	
  and	
  

previous	
  studies,	
  with	
  both	
  LFB	
  staining	
  and	
  with	
  MOG	
  immunohistochemistry	
  (Armstrong	
  et	
  

al.,	
  2002,	
  Song	
  et	
  al.,	
  2005;	
  Figures	
  10)	
  the	
  same	
  studies	
  indicate	
  that	
  cerebral	
  cortical	
  

demyelination	
  is	
  not	
  marked	
  at	
  this	
  time-­‐point	
  (Figure	
  11).	
  In	
  addition,	
  cerebellar	
  cortical	
  

demyelination	
  was	
  not	
  apparent	
  in	
  preliminary	
  analysis	
  with	
  MOG	
  immunohistochemistry	
  after	
  

12	
  weeks	
  of	
  cuprizone	
  (Figure	
  11C).	
  This	
  observation	
  is	
  consistent	
  with	
  those	
  of	
  Groebe	
  et	
  al.	
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(2009)	
  who	
  did	
  not	
  detect	
  cerebellar	
  cortical	
  demyelination	
  using	
  PLP	
  immunohistochemistry	
  or	
  

electron	
  microscopy.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  The	
  interpretation	
  of	
  these	
  immunohistochemical	
  findings	
  is	
  that	
  hippocampal	
  

demyelination	
  is	
  co-­‐incident	
  with	
  CC	
  demyelination,	
  cerebral	
  cortical	
  demyelination	
  is	
  slightly	
  

delayed	
  and	
  cerebellar	
  cortical	
  demyelination	
  is	
  not	
  observed	
  in	
  the	
  cuprizone	
  treatment	
  

conditions	
  used.	
  Relative	
  to	
  the	
  observed	
  behavioral	
  effects,	
  hippocampal	
  demyelination	
  would	
  

be	
  likely	
  to	
  impact	
  functions	
  associated	
  with	
  learning	
  and	
  memory,	
  in	
  contrast	
  to	
  the	
  

sensorimotor	
  coordination	
  and	
  social	
  assessments	
  used	
  in	
  the	
  current	
  study	
  targeting	
  CC	
  

analysis,	
  or	
  contribute	
  to	
  the	
  epileptic	
  seizures	
  as	
  has	
  also	
  been	
  reported	
  with	
  cuprizone	
  

treatment	
  (Hoffman	
  et	
  al.,	
  2008).	
  

	
  	
  	
  	
  	
  	
  	
  	
  Furthermore,	
  the	
  direct	
  effect	
  of	
  cuprizone	
  acute	
  demyelination	
  on	
  CC	
  function	
  has	
  been	
  

demonstrated	
  with	
  electrophysiological	
  approaches.	
  Recordings	
  from	
  ex	
  vivo	
  slice	
  preparations	
  

showed	
  impaired	
  compound	
  action	
  potentials	
  corresponding	
  with	
  acute	
  CC	
  demyelination	
  and	
  

that	
  after	
  6	
  weeks	
  of	
  cuprizone	
  ingestion	
  subsequent	
  recovery	
  is	
  incomplete	
  after	
  6	
  weeks	
  on	
  

normal	
  chow	
  (Tiwari-­‐Woodruff	
  et	
  al.,	
  2009).	
  Similarly,	
  cuprizone	
  treatment	
  increased	
  the	
  

response	
  latency	
  between	
  left	
  and	
  right	
  cortical	
  neurons	
  and	
  partial	
  recovery	
  was	
  observed	
  

after	
  removal	
  of	
  cuprizone	
  from	
  the	
  diet	
  (Bando	
  et	
  al.,	
  2008).	
  

	
  	
  	
  	
  	
  	
  	
  	
  After cuprizone ingestion, the cerebral cortex can also show signs of demyelination with a 

temporal pattern that is delayed relative to the CC (Skripuletz et al., 2008; Gudi et al., 2009). The 

complex wheel activity and social interaction changes observed were during acute demyelination 

at a time when cortical demyelination was not yet evident (Figure 3). Therefore, CC 
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demyelination may be sufficient for the observed differences in complex wheel activity and 

social interaction after 6 weeks of cuprizone. The interpretation that impaired CC function is 

sufficient to cause decreased velocity of running on the complex wheel assay is supported by 

studies showing similar results with surgical transection of the CC (Schalomon and Wahlsten, 

2002). 

Extent	
  of	
  cuprizone-­‐induced	
  demyelination	
  pathology	
  in	
  mice	
  

	
  	
  	
  	
  	
  	
  	
  	
  Differences in mouse weight may indicate an underlying variability in the extent of white 

matter pathology among studies even when a 0.2% cuprizone (w/w) diet is reported. For 

example, a 30% reduction of weight between treated versus non-treated mice was reported in the 

study that indicated development of epileptic seizures among the cuprizone treated mice 

(Hoffman et al., 2008). In the current study, the mice did not lose weight during cuprizone 

treatment but simply did not gain weight at the same rate as non-treated mice (see methods). 

Cuprizone has a dose-dependent toxicity effect on mouse weight (Hiremath et al., 1998). 

Therefore, variations in weight loss among studies may reflect variations in the cuprizone 

toxicity experienced. These differences may carry over to differences in the extent of white 

matter pathology and in the general health and behavior with cuprizone treatment as well. For 

example, during acute cuprizone treatment Liebetantz and Merkler (2006) reported differences in 

running parameters on the training wheels that were speculated as due to impairment of general 

health while differences on the training wheels were not observed in the current study. 

Importantly, the Liebetantz and Merkler study used female C57Bl/6 mice with an average 

starting weight of 16.5 ± 1.2 g so that the effect of the 0.2% cuprizone dose may have been more 

severe than in the current study using male C57Bl/6 mice with an average starting weight of 

22.42 ± 1.50 g (see methods for other time points). 
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Use of complementary targeted behavioral CC assays to phenotype mice according to 

demyelination status 

	
  	
  	
  	
  	
  	
  	
  	
  Overall, the resident-intruder social interaction paradigm and the complex wheel running 

assay can behaviorally phenotype mice according to CC myelination status in the context of the 

cuprizone model. These non-invasive functional assays can identify affected mice during 

longitudinal studies. These assays will be especially useful for characterizing acute and chronic 

disease severity to identify manipulations to promote remyelination. These findings should also 

facilitate studies to exploit mouse genetics to examine mechanisms of pathogenesis and repair in 

demyelinating diseases and take advantage of mouse models to determine involvement of the CC 

in other CNS injuries and disorders. 

Implications	
  of	
  this	
  thesis	
  work	
  for	
  MS	
  research	
  

	
  	
  	
  	
  	
  	
  	
  	
  In	
  MS,	
  the	
  potential	
  for	
  remyelination	
  is	
  apparent	
  with	
  the	
  persistence	
  of	
  immature	
  OL	
  

cells	
  MS	
  lesions	
  (Maeda	
  et	
  al.,	
  2001;	
  Chang	
  et	
  al.,	
  2002;	
  Wilson	
  et	
  al.,	
  2006;	
  Pasquini	
  et	
  al.,	
  

2007).	
  Furthermore,	
  chronic	
  MS	
  lesions	
  retain	
  the	
  capacity	
  for	
  remyelination.	
  However,	
  

increased	
  expression	
  of	
  signals	
  that	
  inhibit	
  differentiation	
  (Wolswijk,	
  1998;	
  Emery	
  et	
  al.,	
  2006)	
  

or	
  variable	
  expression	
  of	
  molecules	
  that	
  support	
  newly	
  generated	
  oligodendrocytes	
  to	
  survive	
  

and	
  myelinate	
  viable	
  axons	
  (John	
  et	
  al.,	
  2002;	
  Back	
  et	
  al.,	
  2005)	
  might	
  be	
  a	
  factor	
  in	
  MS	
  lesions.	
  

This	
  work	
  further	
  shows	
  apoptosis	
  and	
  astrogliosis	
  as	
  cellular	
  mechanisms	
  that	
  can	
  influence	
  

the	
  capacity	
  for	
  remyelination	
  especially	
  after	
  prolonged	
  or	
  chronic	
  demyelination.	
  

Additionally,	
  combination	
  of	
  the	
  resident-­‐intruder	
  social	
  interaction	
  paradigm	
  with	
  the	
  bilateral	
  

sensorimotor	
  complex	
  running	
  wheel	
  assay	
  reliably	
  predicts	
  myelination	
  status	
  in	
  cuprizone	
  

treated	
  animals,	
  suggesting	
  use	
  of	
  this	
  non-­‐invasive	
  behavioral	
  assay	
  a	
  method	
  for	
  not	
  only	
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diagnosing	
  demyelination	
  status	
  in	
  rodents,	
  but	
  also	
  as	
  means	
  of	
  testing	
  novel	
  therapeutics	
  

designed	
  to	
  promote	
  functional	
  remyelination.	
  Future	
  studies	
  should	
  focus	
  on	
  the	
  applicability	
  

of	
  such	
  assays	
  to	
  other	
  disorders	
  affecting	
  the	
  CC.	
  

Concluding	
  statement	
  

	
  	
  	
  	
  	
  	
  	
  	
  Though	
  promotion	
  of	
  remyelination,	
  possibly	
  through	
  therapeutic	
  manipulation	
  of	
  

endogenous	
  mechanisms,	
  is	
  the	
  eventual	
  goal	
  of	
  the	
  studies	
  presented	
  in	
  this	
  work,	
  attaining	
  

this	
  goal	
  requires	
  a	
  better	
  understanding	
  of	
  remyelination	
  potential,	
  especially	
  within	
  the	
  

context	
  of	
  chronic	
  demyelinating	
  insults.	
  In	
  all	
  the	
  studies	
  presented	
  in	
  this	
  work,	
  the	
  cuprizone	
  

model	
  was	
  used	
  as	
  the	
  method	
  to	
  induce	
  demyelination.	
  Research	
  efforts	
  involving	
  human	
  MS	
  

tissue	
  or	
  employing	
  other	
  animal	
  models	
  of	
  demyelination	
  indicate	
  that	
  the	
  findings	
  in	
  these	
  

studies	
  are	
  pertinent	
  to	
  delineating	
  the	
  mechanisms	
  contributing	
  to	
  remyelination	
  capacity.	
  

Furthermore,	
  this	
  research	
  has	
  implications	
  for	
  the	
  design	
  of	
  novel	
  therapeutics	
  in	
  the	
  

treatment	
  of	
  MS	
  and	
  other	
  demyelinating	
  disorders.	
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